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1.  Introduction. 

1.1.  Project’s  Objectives. 

The  work  in  frames  of  the  project  #3057p  was  devoted  to  a  study  of  the  fundamental 
plasma  technology  application  in  a  field  of  airflow  parameters  control  by  plasma,  in  particular, 
the  researches  for  methods  of  fuel-air  composition  ignition  at  low-temperature  and  high-speed 
gas  flow.  The  work  perfonned  under  this  intention  will  also  result  in  obtaining  a  new 
experimental  data  on  plasma-flow  interaction.  The  work  as  a  whole  was  perfonned  during  five- 
year  period  (24quarters,  quarters  #13  and  #18-20  was  not  funded). 

The  project  formal  objective  is  to  study  the  phenomena  of  plasma-induced  ignition  of  air- 
fuel  mixture  at  direct  fuel  injection  into  separation  zone  downstream  backwise  wailstep  and 
wail  cavity  by  multi-electrode  quasi-DC  electrical  discharge  at  high-speed  flow. 

The  work  included  several  important  steps,  namely:  (1)  specification  of  the  experimental 
configuration  and  explicit  design  of  plasma  generator  at  deep  modification  of  the  IVTAN 
experimental  facility  (from  PWT-10  to  PWT-50);  (2)  development  of  the  appropriate 
diagnostics;  (3)  test  runs  and  getting  an  experimental  data  concerning  non-homogeneous 
plasma  effect  on  ignition;  (4)  computational  analysis  at  verification  by  experimental  data;  (5) 
analysis  of  results  and  recommendations  for  the  further  development;  (6)  demonstration  of  the 
plasma  ignition  effect  under  high-temperature  conditions;  (7)  test  runs  and  getting  an 
experimental  data  concerning  non-homogeneous  plasma  effect  on  ignition  over  plane  wall;  (8) 
measurements  of  reacting  gas  parameters  by  laser-based  non-intrusive  diagnostics;  (9)  analysis 
of  two-step  mechanism  of  plasma-assisted  combustion;  (10)  recommendations  on  the 
improvement  of  plasma  assisted  combustion  method  and  apparatus. 

Steering  of  the  chemical  processes  in  high-speed  flow  is  one  of  critically  important 
domains  of  supersonic  combustors  improvement.  Last  years  the  interest  grows  in  field  of 
plasma-assisted  combustion  as  one  of  the  most  promising  method  for  speedup  the  ignition, 
enhancement  of  the  chemistry,  and  intensification  of  the  mixing.  Number  of  publications  rises 
quickly.  At  the  same  time  the  most  works  in  this  field  are  lab-scale  with  premixed  air-fuel 
composition  or  theoretical.  Such  a  position  is  understandable  overall  due  to  the  full-scale 
experiments  are  expensive,  complicated,  and  dangerous.  The  experimental  facility  PWT-50H  is 
designed  as  an  alternative  variant  to  full-scale  continuous  experimental  arrangement  in 
accordance  with  the  following  requirements:  flow  parameters  are  close  to  typical  for 
combustors;  operation  time  in  steady-stage  mode  is  much  more  than  characteristic  gasdynamic 
time;  test  section  dimensions  much  more  than  thickness  of  boundary  layer;  fuel  portion  is  small 
enough  to  be  non-hazardous  but  large  enough  to  observe  the  physical  and  chemical  effects; 
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number  of  runs  in  a  range  10-100  per  working  day;  special  arrangement  for  plasma  generation 
and  diagnostics. 

During  the  first  year  the  work  was  aimed  at  available  data  analysis,  the  experimental 
facility  modification,  and  preliminary  runs  for  a  flow  structure  adjustment.  In  a  parallel  line  the 
diagnostics  methods  and  equipment  were  prepared.  Some  computational  efforts  were  done  to 
attend  the  experimental  data  and  measurements. 

During  the  second  year  the  efforts  in  frames  of  the  project  were  arrowed  on  the  low- 
temperature  ignition  test  and  preparation  of  the  test  with  preheated  air.  The  diagnostic  methods 
were  developed.  Experimental  works  were  supported  by  analytical  and  CFD  efforts. 

In  the  third  year  of  the  project  a  main  attention  was  paid  for  the  experiments  at  elevated 
temperature  of  the  air  and  for  analysis  of  the  results  based  on  experimental  data  and  data  of 
computational  efforts. 

The  forth  year  efforts  were  arrowed  to  the  hydrogen  and  gaseous  hydrocarbon  fuels 
ignition  and  flameholding  by  transversal  surface  DC  discharge  above  the  plane  wall  of 
supersonic  duct.  This  experimental  work  was  supported  by  the  laser-based  diagnostic  and 
computational  modeling. 

The  work  in  5th  year  was  aimed  at  study  of  the  hydrogen  and  gaseous  hydrocarbon  fuels 
ignition  and  flameholding  by  transversal  surface  DC  discharge  above  the  plane  wall  of 
supersonic  duct  under  the  variation  of  reduced  electrical  field.  This  experimental  work  was  be 
supported  by  the  spatial-resolved  laser-based  diagnostic  to  measure  the  specific  rate  of  the  fuel 
oxidation.  Extra  numerical  simulations  were  perfonned  to  examine  the  effect  of  reduced  field 
in  plasma  of  electrical  discharge  on  the  ignition  time.  The  results  of  calculations  were  analyzed 
in  frames  of  idea  of  two-stage  mechanism  of  the  plasma-assisted  combustion. 


This  Final  Technical  Report  describes  the  most  valuable  results  obtained  in  frames  of 
the  project  ISTC#3057p  due  to  experimental,  computational,  and  analytical  efforts.  It 
covers  the  fifth  year  efforts  in  details,  while  the  work  from  the  1st  by  the  4th  year  is 
described  briefly.  These  previous  data  were  presented  in  Final  Technical  Report  on  the 
Project  ISTC#3057p  dated  March,  2009. 
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1.2.  Tasks’  Description 

The  work  is  divided  conditionally  on  two  main  tasks  in  accordance  with  the  idea  to  study 
the  processes  concomitant  with  plasma-induced  ignition,  and  to  develop  appropriate 
diagnostics. 

The  entire  period  of  the  project  is  running  by  five-year  sessions.  It  includes  several 
important  steps,  namely: 

0  Specification  of  the  experimental  configuration  and  explicit  design  of  plasma  generator. 
Deep  modification  of  the  IVTAN  experimental  installations  (from  PWT-10  to  PWT-50) 
for  the  plasma  assisted  combustion  experiment. 

0  Development  of  the  appropriate  diagnostics. 

0  Running  tests.  Obtaining  experimental  data  concerning  the  effect  of  inhomogeneous 
plasma  on  ignition. 

0  Computational  analysis  due  to  results  of  experiments. 

0  Considering  input  data  and  making  out  recommendations  for  further  development. 

0  Demonstration  of  the  plasma  ignition  effect  under  high-temperature. 

0  Running  tests.  Obtaining  experimental  data  concerning  the  effect  of  inhomogeneous 
plasma  on  ignition  over  plane  wall.  Description  of  the  effect  of  nonequilibrium 
excitation  of  molecular  gas  on  chemical  exothermal  reactions  in  high-speed  flow. 

0  Consideration  of  experimental  conditions  for  plasma  ignition  -  to  flameholding 
transition.  Factual  (measured)  data  on  the  reactant  gas  parameters  distribution  in  zones 
of  (1)  air-fuel-plasma  interaction  and  (2)  the  combustion. 

0  Consideration  of  the  electrical  discharge  role  in  supporting  of  the  flow  structure 
favourable  for  the  flameholding  in  high-speed  flow. 

0  Recommendations  on  the  improvement  of  plasma  assisted  combustion  method  and 
apparatus. 


Task  1 


Task  description  and  main  milestones 

Participating  Institutions 

Experimental  study  of  plasma-induced  ignition  of  tton-premixed  air- 
fuel  composition  under  the  conditions  of  wall  step  and  wall  cavity. 

1.1.  Preliminary  analysis  of  available  data  and  previous  experience. 

1.2.  Experimental  facility  modification.  Injection  system  design  and 
manufacturing. 

1.3.  Adjustment  of  renewed  plasma  generator  and  power  supply. 
Measurements  of  discharge  and  plasma  parameters. 

1.4.  Study  of  plasma  effect  on  flow  structure  near  wall  step  and  cavity. 
Study  of  plasma  filaments  dynamics  in  high-speed  flow. 

1.5.  Experiments  on  plasma-induced  ignition. 

1.6.  Analysis  of  results  of  lab-scale  test  on  the  base  of  experimental 
data  and  CFD  simulations. 

1.7.  Test  section  design  for  hot  test-bed  experiment. 

1.8.  Nozzle  and  test  section  manufacturing  and  adjustment. 

1.9.  Preparation  of  high-temperature  test,  diagnostics  adjustment. 

1.10.  Final  experiments  on  gaseous  fuel  ignition  under  conditions  of 
hot  test-bed. 

1.11.  Final  experiments  on  liquid  fuel  ignition  under  conditions  of  hot 
test-bed. 

1.12.  Preparation  of  Third- Year  Report. 

1.13.  Preparation  of  flameholding  test  above  a  plane  wall,  diagnostics 
adjustment. 

1-JIHT  RAS 
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1.14.  The  experiments  on  gaseous  fuel  ignition  and  flameholding  above 
a  plane  wall  under  conditions  of  T0=300K  and  T0=500-700K,  M=2 
test  bed. 

1.15.  Analysis  of  data.  Preparation  of  4th  Year  Report. 

1.16.  Study  of  the  nonequilibrium  discharge  effect  on  effectiveness  of 
plasma-based  flameholding  over  plane  wall.  Variation  of  E/n. 

1.17.  Analysis  of  data.  Preparation  of  Fifth  Year  Report. 


Task  2 


Task  description  and  main  milestones 

Participating  Institutions 

Diagnostics  development  and  computational  support. 

2.1.  Preliminary  review  of  available  data  and  previous  experience. 
Absorption  spectrum  calculations. 

2.2.  Design  and  manufacturing  of  parts  and  components  for  IR 
spectroscopy. 

2.3.  Diagnostic  system  modification. 

2.4.  CFD  simulations  of  plasma  effect  on  flow  structure  near  wall  step 
and  cavity. 

2.5.  Diagnostic  system  modification  and  adjustment  for  hot  test-bed. 

2.6.  Computational  analysis  of  filamentary  plasma  effect  on  fuel 
ignition. 

2.7.  Measurements  of  plasma  parameters  and  characterization  of 
plasma  ignition  efficiency  in  hot  test. 

2.8.  Review  of  results  based  on  experimental  data  and  CFD 
simulations.  Final  report  preparation. 

2.9.  Measurements  of  reactant  gas  parameters  in  combustion  zone  by 
laser-based  non-intrusive  diagnostics. 

2.10.  Review  of  results  of  CFD  simulations  and  comparison  them  with 
the  experimental  data. 

2.1 1.  Measurements  of  reactant  gas  parameters  distribution  in  area  of 
plasma-gas  interaction  and  combustion  zone  by  laser-based  non- 
intrusive  diagnostics. 

2.12.  Analysis  of  two-stage  scheme  of  plasma-enhances  combustion. 
Final  report  preparation. 

1-JIHT  RAS 

The  technical  parameters  of  the  test  were  defined  by  SOW.  They  are  the  following: 


Initial  Mach  number  in  duct 
Initial  static  pressure 
Stagnation  temperature  of  the  air 
Typical  duct  dimensions 
Type  of  discharge 
Duration  of  discharge 
Mean  electrical  input  power 
Range  of  reduced  electrical  field 
Fuel 


M  =  2  and  2.5; 

Pst  =0.15-0.3  Bar; 

To=300-700K; 

72*60mm; 

filamentary  DC  and  AC  discharges; 
10- 100ms; 

1  -  10  kW; 

E/N=(  1  - 1 0)x  1 0'1 6V  cm2 ; 
hydrogen  and  ethylene. 
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The  geometry  of  the  test  being  considered  is  an  aerodynamic  duct  with  rectangular 
cross-section  and  discharged  arrangement  on  a  horizontal  wall  as  it  shown  in  the  Fig.  1.2.1 
below. 


Duct  as  of 
September  2008 


PstIO 

Fuel 


Fig.  1.2.1.  Basic  geometry  of  the  test. 


Facilities/Basic  Equipment: 

o  Short-time  wind  tunnel  PWT-50H  (JIHT  RAS)  -  mid-scale  high-temperature  test-bed; 
o  Specialised  control  desks  for  PG  operation  and  for  registration  of  discharge  and  gas  flow 
parameters; 

o  Laser-based  diagnostic  system. 

Measurements  and  Diagnostics: 

The  following  parameters  were  measured  in  the  test: 

*  Gas  temperature,  Tg; 

*  Distribution  of  static  and  stagnation  pressure,  P0,  Pst; 

*  Optical  spectra  of  excited  molecules; 

*  Spatial  distribution  of  optical  lines  emission; 

*  Plasma  power  parameters; 

*  Dynamics  of  the  ignition  processes  by  video-records  and  shadow-video  records; 

*  Spatial  distribution  of  medium  parameters  by  laser  absorption  spectroscopy. 

The  above  parameters  were  measured  by  means  of  following  diagnostic  methods: 

*  Optical  spectroscopy; 

*  Schlieren  method; 

*  Set  of  pressure  transducers; 

*  High-speed  video  camera; 

*  High-speed  line-scan  camera; 

*  Laser  absorption  spectroscopy; 

*  Thermo  sensors,  electric  probes,  etc. 
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2.  Review  of  activity. 

2.1.  Short  review  of  the  first  year  efforts. 

During  the  first  year  the  work  was  aimed  at  available  data  analysis,  the  experimental 
facility  modification,  and  preliminary  runs  for  a  flow  structure  adjustment.  In  a  parallel  line  the 
diagnostics  methods  and  equipment  were  prepared.  Some  computational  efforts  were  done  to 
attend  the  experimental  data  and  measurements. 

The  first  task  -Experimental  study  of  plasma-induced  ignition  of  non-premixed  air-fuel 
composition  under  the  conditions  of  wall  step  and  wall  cavity”  included  four  subtasks  (see 
section  1.2).  In  frames  of  subtaskl.l  two  items  were  observed:  fuel  ignition  behind  a  wallstep 
and  in  a  cavity  due  to  conventional  technique;  and  the  efforts  of  plasma  assistance  for  the  fuel 
ignition.  This  part  also  covered  some  steps  for  experimental  setup  design  and  detennination  of 
experimental  conditions.  The  subtask  1.2  arrowed  on  the  experimental  facility  design, 
determination  of  experimental  conditions,  and  manufacturing/assembling  of  main  parts  and 
elements  of  the  test-bed.  Two  different  fuel  injection  systems  were  designed  and  tested:  for 
gaseous  (ethylene)  and  liquid  (JP-line)  hydrocarbons,  accordingly.  The  third  part  covers  the 
plasma  generator  and  power  supply  design,  determination  of  basic  arrangement  for  typical 
experimental  conditions,  and  manufacturing/assembling  of  main  parts  and  elements  of  plasma 
generator.  The  electro-physical  parameters  of  the  discharge,  structure  and  dynamics  of  the 
plasma  filaments  are  studied.  The  main  plasma  parameters  are  measured  spectroscopically.  The 
fours  quarter ‘s  efforts  were  fulfilled  to  study  the  plasma  effect  on  flow  structure  and  plasma 
dynamics  itself. 

The  second  task  -Diagnostics  development  and  computational  support”  included  three 
sub  tasks  2.1-3.  In  frames  of  these  sub  tasks  the  diagnostic^  approach  was  developed,  the  most 
parts  of  diagnostics  arrangement  were  designed  and  manufactured.  IR  spectrum  was  calculated 
to  choose  specific  band  for  IR  absorption  spectroscopy,  the  apparatus  for  spectrum  records  and 
analysis  was  prepared.  The  results  on  the  CFD  simulations  haven‘t  to  be  reported  in  the  first 
year.  Nevertheless  a  preliminary  computational  analysis  of  flow  structure  near  wall  cavity  in 
supersonic  duct  under  the  discharge  impact  was  perfonned  and  included  to  the  comprehensive 
report. 

Review  of  plasma-assisted  combustion  method.  Analysis  of  supersonic  combustors 
performance  shows  that  several  principal  problems  related  to  the  supersonic  combustion  and 
the  flame  stabilization,  especially  in  the  case  of  hydrocarbon  fuels  are  to  be  solved  for  the 
practical  implementation  of  such  a  technology.  The  plasma-based  methods  of  the  combustion 
management  at  high-speed  conditions  are  considered  now  as  one  of  the  most  promising 
technologies  in  this  field  [1-17]. 

An  electrical  discharged  properties  strongly  depend  on  the  conditions  of  excitation, 
flow  parameters  and  characteristics  of  supplying  electromagnetic  power.  The  analysis  of 
applicable  discharge  types  can  be  done  from  the  viewpoint  of  plasma-assisted  combustion 
concept,  which  consists  of  three  important  items:  plasma-induced  ignition,  inflow  mixing,  and 
combustion  chemistry  enhancement  (by  acceleration  of  reactions  and  flow  parameters 
management). 

The  mechanisms  of  the  plasma  of  electrical  discharges  influence  on  chemical  processes  in 
high-speed  flow  may  be  considered  and  listed  as  follows: 
o  Fast  local  heating  of  the  medium, 
o  Active  radicals  and  particles  deposition, 
o  Shock  waves  generation, 
o  Photo-dissociation  and  ionization. 

Local  heating  of  the  medium  leads  to  intensification  of  the  chemical  reactions  in  these 
areas.  Besides  of  this  the  modification  of  flow  structure  may  be  done  by  means  of  controlled 
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energy  deposition.  At  enough  large  level  of  the  input  power  the  artificial  separation  of  the  flow 
may  be  realized.  It  is  a  method  to  increase  a  local  residence  time  to  provide  a  zone  of  local 
combustion  and  the  real  mechanism  of  the  mixing  intensification.  Active  radicals1  deposition 
occurs  due  to  molecules1  dissociation  and  excitation  by  electrons  in  electric  field  and  by  more 
complex  processes.  If  the  chain  chemical  reactions  are  realized,  the  deposition  of  active 
particles  may  lead  to  large  (synergetic)  benefit  in  reactions1  rate  as  well  as  in  required 
amplitude  of  power  deposition.  Very  often  the  first  two  mechanisms  are  inseparable  and  the 
active  radicals1  generation  is  equal  to  hidden  heating.  Local  shock  waves  generation  promotes 
the  mixing  processes  in  heterogeneous  medium  and  initiates  chemical  reactions  due  to  heating 
in  shock‘s  front  zone. 

The  electrical  discharges,  which  are  generated  under  the  conditions  of  high-speed  flow, 
possess  several  specific  properties.  These  features  might  be  important  for  the  discharges1 
applications  for  flow  parameters  and  structure  control  and  combustion  under  unfavorable 
conditions.  There  may  exist  various  types  of  plasma  instabilities,  for  example,  longitudinal- 
transversal  instability  of  plasma  filament,  which  has  been  found  out  recently  [9],  It  leads  to 
intensive  small  scale  mixing  inflow.  Extra  method  of  combustion  intensification  is  plasma  jets 
blowing  out  to  main  flow. 

It  is  clear  that  to  manage  the  combustion  process  fully  under  any  conditions  a  large 
level  of  additional  energy  deposition  is  required,  of  about  10%  of  the  flow  enthalpy.  The 
combustor  must  operate  properly  under  the  conditions,  which  has  been  designed  for.  So  the 
idea  is  not  related  to  strong  effect  of  energy  release  but  to  gentle  control  of  chemical  reactions 
rate  and  local  multi-ignition.  The  second  direction  is  to  give  the  gear  to  force  combustor  to 
work  under  off-design  conditions.  It  may  be  a  temporal  mode  when  the  level  of  required 
electric  energy  is  not  vitally  important.  Such  off-design  conditions  are:  low  temperature 
(probably,  due  to  undesirably  high  speed  of  flow),  relatively  low  pressure,  lean  composition, 
bad  mixing,  etc.  Our  experiments  are  going  to  simulate  off-design  regimes  of  the  model 
combustor. 

Unfortunately,  specific  information  available  now  is  not  quite  sufficient  for  proper 
choice  of  the  discharge  type.  Our  understanding  now  is  that  there  is  no  universal  decision  in 
plasma  assistance  design  and  the  method  of  application.  Presence  of  even  a  small  amount  of 
free  radicals  (for  example  O,  OH,  H,  ON)  or  vibrationally  excited  molecules  may  effectively 
improve  ignition  conditions  but  require  not  a  small  amount  of  electric  power.  Each  specific 
situation  has  to  be  considered  separately.  Under  these  conditions  the  experimental  tests  and 
verification  of  some  analytical  predictions  are  urgently  needed. 

The  paper  [18]  presents  nonequilibrium  RF  plasma  assisted  combustion  experiments  in 
CO-air,  ethylene-air,  and  methane-air  flows  using  FTIR  absorption  spectroscopy  and  visible 
emission  spectroscopy.  Results  of  combustion  completeness  and  emission  spectroscopy 
measurements  suggest  that  O  and  H  atoms,  as  well  as  OH  radicals  are  among  key  species 
participating  in  plasma  chemical  fuel  oxidation  reactions.  Consistent  with  their  previous 
measurements,  the  results  show  the  highest  fuel  oxidation  efficiency  in  lean  air-fuel  mixtures, 
as  well  as  significant  fuel  conversion  at  the  conditions  when  there  is  no  flame  in  the  test 
section.  In  the  latter  case,  fuel  species  oxidation  occurs  in  plasma  chemical  reactions,  which  are 
not  related  to  combustion.  However,  since  the  net  fuel  oxidation  process  is  exothermic,  heat 
release  during  these  reactions  may  result  in  achieving  thermal  ignition  and  flameholding  in  the 
plasma.  Since  CH  emission  peaks  only  after  thermal  ignition  is  achieved  in  hydrocarbon-air 
flows,  CH  radical  is  unlikely  to  be  among  key  species  in  plasma  chemical  reactions.  This 
indicates  that  to  obtain  further  insight  into  the  mechanism  of  plasma  assisted  ignition,  future 
research  effort  should  be  focused  on  O  and  H  atom,  as  well  as  OH  radical  concentration 
measurements,  especially  in  lean  air-fuel  flows  before  thermal  ignition  occurs. 

In  the  paper  [19]  the  numerical  simulations  of  hydrogen-air  ignition  by  nonequilibrium 
gas  discharge  in  supersonic  flow  was  considered.  The  model  of  the  discharge  parameters 
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simulation  in  chemically-active  mixture  was  developed  at  the  first  time.  The  results 
demonstrate  that  the  electrical  discharge  of  glow  type  is  quite  prospective  candidate  for 
ignition  technique.  The  combustion  acceleration  effectiveness  strongly  depends  on  initial 
temperature  and  energy  release.  At  the  700K  of  static  temperature,  atmospheric  pressure,  and 
power  release  about  200J/1  the  induction  time  occurs  3.4  times  shorter  than  at  the  thennal 
initiation.  That  calculation  was  done  for  the  conditions  of  real  experiment,  described  in  [20]. 

Numerous  publications  were  offered  by  NEQ-Lab  MIPT  group  [21,  22,  for  example], 
where  a  deep  analysis  of  plasma-chemical  kinetics  under  the  plasma-assisted  combustion  was 
announced.  As  it  was  considered,  a  nonequilibrium  plasma  of  nanosecond  pulse  discharge  can 
affect  a  flame  blow-off  velocity  significantly  due  to  active  radicals  deposition.  It  occurs  with 
energy  input  negligible  in  comparison  with  burner1  s  chemical  power. 

The  group  of  -Applied  Plasma  Technology”  announced  some  devices  for  fuel  ignition 
and  flame  stabilization  [23].  Positive  results  of  performed  investigations  indicated  significant 
advantages  of  selected  non-equilibrium  plasma  generator  in  comparison  with  the  thermal 
plasma  sources. 

The  successful  efforts  are  being  perfonned  for  plasma-assisted  combustion  in  WPRL 
with  colleagues.  One  of  the  last  publications  [24]  is  devoted  to  development  of  plasma  igniter 
for  use  in  high-speed  and  high-altitude  air  vehicle.  Such  an  igniter  produces  a  rich  pool  of 
radicals  that  would  drive  pre-ignition  chemistry  leading  to  ignition.  The  ignition  concept 
demands  a  non-equilibrium  plasma  characterized  by  a  high  degree  of  feed-gas  dissociation  and 
little  direct  heating  of  the  gas. 

A  serious  experimental  work  is  being  carried  out  by  joint  team  of  MSU,  CIAM  and  IGP 
[25].  The  efforts  are  arrowed  on  a  comparative  test  of  different  plasma  sources  by  the  criteria 
of  ignition  efficiency  in  high-speed  flow. 

Several  groups  of  investigators  demonstrate  a  successful  ignition  of  premixed  air-fuel 
composition  and  flame  acceleration  by  non-equilibrium  corona  or  barrier  discharges,  see  for 
example  [26-27].  As  a  rule  in  those  works  the  conditions  are  rather  far  from  practical  schemes 
of  high-speed  combustion. 

Last  time  many  international  meetings  include  the  plasma-assisted  combustion  sessions  to 
their  schedule.  The  number  of  publications  grows  quickly.  At  the  same  time  it  is  clear  that 
some  important  events/features  have  not  been  studied  in  frames  of  those  works  and  extra 
efforts  are  needed  to  be  done  in  this  field. 

Experimental  facility  description.  The  experimental  facility  contains  following  main  parts: 

>  Gasdynamic  facility  PWT- 10/P WT-50; 

>  Plasma  generator  and  power  supply; 

>  Measuring  and  data  acquisition  system. 

>  Control  and  synchronization  system. 

The  experimental  facility  PWT-50  is  a  deeply  modified  installation  PWT-10  of  IVTAN.  The 
mail  objective  of  this  rebuilding  was  to  increase  the  cross-section  of  flow  from  20* 50mm  up  to 
72*60mm  at  Mach  number  M=2  and  static  pressure  up  to  Pst=300Torr.  An  appropriate  mass 
flow-rate  is  increased  in  4.3  times  that  leads  to  rise  the  volume  of  storage  tanks  and  cross- 
sections  of  all  pipes  and  valves.  General  layout  of  the  experimental  facility  PWT-50  and 
arrangements  are  presented  in  Fig.2.1.1.  The  following  gasdynamic  parameters  of  the  test  are 
provided  by  PWT-50  currently: 

*  Mach  number  in  duct  M=0.3-0.75  and  M=2; 

*  Initial  static  pressure  Pst  =0.2-0. 8  Bar; 

*  Stagnation  temperature  of  the  air  To=300K; 

*  Test  section  dimensions  72*60mm; 

*  Steady-stage  operation  time  0.3-0.5sec. 


Project  #  3057p 


Final  Project  Technical  Report 


Page  14  /  148 


Fig.2.1.1.  Layout  of  the  PWT-50  arrangement. 

Two  methods  were  utilized  mainly  to  study  the  discharge  effect  on  flow  structure  behind 
wallstep  and  in  cavity:  pressure  measurements  and  Schlieren  visualization.  16-channels 
pressure  recorder  was  used  in  the  tests.  The  discharge  dynamics  in  flow  behind  the  wallstep 
and  in  cavity  was  explored  using  high-speed  digital  CMOS  camera  -Basler  A504k”.  Two 
modes  were  tested:  subsonic  and  supersonic  in  three  configurations  (wallstep,  long  cavity 
l/d=6.5,  and  short  cavity  l/d=3.3).  The  level  of  input  power  was  varied  by  ballast  resistances. 
The  typical  data  is  presented  in  Fig. 2. 1.2  below. 


Fig. 2. 1.2.  M=1.9,  wallstep.  Different  pressure  at  the  same  power  release  Wav=5.95-6.1kW.  The 


discharge  effect  was  in  a  valuable  increase  of  pressure  just  behind  the  wallstep. 

Schlieren  system  was  adjusted  to  work  in  pulse  mode  of  flash-lamp  with  frame‘s  frequency 
f=100Hz.  The  typical  images  are  presented  in  Fig.2.1.3  by  pair  (discharge  on/off).  The 
investigations  were  done  for  the  operation  modes  when  the  power  deposition  was  in  a  range 
Wav=5-7kW,  static  pressure  in  subsonic  M-0.7  mode  Pst=300-400Torr,  static  pressure  in 
supersonic  M-1.9  mode  Pst=120-180Torr.  The  exposure  was  t=lmcs. 


Fig.2.1.3.  Schlieren  photos  of  the  discharge  effect  on  flow  structure. 
Supersonic  mode,  wallstep. 
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Summarizing  the  discharge  effect  on  flow  structure  in  cavity  and  behind  wallstep  it  should  be 
considered  that,  as  a  rule,  an  intensive  turbulization  is  observed  in  interaction  area  at 
simultaneous  some  increase  of  the  separation  zone  volume. 

Diagnostics  development.  The  following  parameters  of  the  gas  and  plasma  were  measured 
during  the  tests: 

*  Gas  temperature,  averaged  and  local  values,  Tg; 

*  Distribution  of  static  and  stagnation  pressure,  P0,  Pst; 

*  Optical  spectra  of  the  excited  molecules  N2,  CN,  OH,  CH; 

*  Temporal  evolution  of  optical  lines  OH,  CH,  etc.; 

*  Plasma  energetic  parameters; 

*  Dynamics  of  the  ignition  processes  by  video-records  and  Shadow  photos; 

*  Relative  concentration  of  important  gas  species. 

Several  diagnostic^  methods  are  quite  standard.  A  few  methods  applied  are  well  known  but 
their  application  requires  extra  efforts  for  adjustment  for  specific  conditions  of  the  test.  As  a 
rule  each  group  of  experimentalists  improves  such  technique  and  procedure  of  data  processing. 
In  case  of  current  project  the  most  specific  infonnation  is  going  to  be  obtained  by  passive 
optical  spectroscopy  and  active  absorption  laser  spectroscopy.  Features  of  experimental 
approach,  which  complicate  the  issue,  are:  short  time  of  run,  strong  inhomogeneity  of  object 
studied,  numbers  of  simultaneous  processes  and  species  in  interaction  volume. 

Computational  support.  Numerical  modeling  of  flow  in  test  facility  was  based  on  solution  of 
three-dimensional  time-dependent  Reynolds  Averaged  Navier-Stocks  equations  (URANS- 
method)  with  the  utilization  of  the  wide  used  two-equation  SST  model  of  turbulence. 
Calculations  were  carried  out  from  critical  section  of  supersonic  nozzle  down  to  outlet  section 
where  zero  gradients  of  flow  parameters  were  fixed.  No-slip  and  adiabatic  conditions  were 
determined  on  all  walls  and  symmetry  conditions  were  used  in  median  section  of  the  duct. 
Calculation  domain  contained  600000  mesh  points. 

At  the  first  stage  of  calculations  air  flow  without  energy  input  in  flow  was  considered  for 
fixed  duct  height  60  mm,  duct  half- width  36  mm,  cavity  depth  12  mm  and  three  variants  of  the 
cavity  floor  length:  Z=40,  80,  and  160  mm.  Steady-state  solutions  were  obtained  for  L  =  40 
and  80  mm  and  time-periodical  solution  for  L  =  160  mm.  In  two  first  cases  the  cavity  is  closed 
and  recirculation  flow  arises  in  all  its  volume.  In  third  variant  the  cavity  is  open  and  the  shear 
layer  penetrates  in  cavity  up  to  its  floor.  Small  recirculation  zones  arise  only  near  forward  wall 
and  ramp  of  the  cavity. 

Then  the  influence  of  five  heat  sources  providing  total  heat  input  of  5  kW  was  considered 
for  cavity  floor  length  L  =  80  mm.  It  has  been  established,  that  considered  3D  heat  supply 
leads  to,  particularly,  significant  amplification  of  mass  transfer  in  the  cavity.  The  calculated 
values  of  the  mass  transfer  rate  are  equal  Fo=0.0054  kg/s  and  Fg=0.0074  kg/s  respectively 
without  and  with  heat  input.  Owing  to  heat  input  the  pressure  grows  essentially  not  only  in 
whole  cavity,  but  also  in  a  significant  part  of  the  channel.  Maximum  gas  temperature 
T>  15000  K  is  achieved  on  the  cavity  bottom  close  to  heat  sources.  Significant  increase  of  gas 
temperature  in  a  cavity  before  vertical  "cords"  of  heat  sources  is  caused  by  recurrent  flow. 
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2.2.  Short  review  of  the  second  year  efforts. 


During  the  second  year  the  efforts  in  frames  of  the  project  were  arrowed  on  the  low- 
temperature  ignition  test  and  preparation  of  the  test  with  preheated  air.  The  diagnostic  methods 
were  developed.  Experimental  works  were  supported  by  analytical  and  CFD  efforts.  The  first 
task  -Experimental  study  of  plasma-induced  ignition  of  non-premixed  air-fuel  composition 
under  the  conditions  of  wall  step  and  wall  cavity”  included  four  subtasks  1.5-8  (see  section 
1.2).  In  frames  of  subtask  1.5  the  steps  for  the  facility  development,  and  experiments  on  fuel 
ignition  in  cavity  and  behind  wallstep  were  performed  .The  subtask  1.6  arrowed  on  the  analysis 
of  experimental  data  on  fuel  ignition  in  cavity  and  behind  wallstep.  The  third  part  (7th  quarter) 
covers  draft-design  of  a  new  test  section,  analysis  and  test  of  refractory  materials.  The  eighth 
quarter4  s  efforts  were  fulfilled  for  the  test  section  manufacturing  and  arrangement.  The  nozzle 
for  the  tests  with  preheated  air  was  not  changed  due  to  the  results  of  analysis  of  it‘s  thermal 
performance. 

The  second  task  -Diagnostics  development  and  computational  support”  included  three  subtasks 
2.4-6.  In  frames  of  these  subtasks  the  3D  Navier-Stocks  computational  analysis  of  flow 
structure  near  wallstep  and  cavity  in  supersonic  duct  under  the  discharge  impact  was 
performed.  The  scheme  of  supposed  measuring  system  was  presented.  A  short  analysis  of 
diagnostic  methods  was  presented  on  the  base  of  theirs  availability  and  planned  diagnostic 
system  was  announced  as  well.  The  first  results  of  3D  Navier-Stokes  computational  analysis  of 
hydrogen  ignition  in  cavity  and  behind  wallstep  was  presented  in  technical  report 
Experimental  facility  modification.  General  layout  of  the  experimental  facility  PWT-50FI  and 
renewed  arrangement  are  presented  in  Fig.2.2.1.  It  contains  the  following  new  components: 

■  Air  heater  with  power  supply,  air  supply,  and  fuel  supply; 

■  IR  monitor; 

■  Laser  absorption  spectroscopic  system; 

■  Chemical  analysis  workstation. 


Fig.2.2.1.  Layout  of  the 
PWT-50H  arrangement. 

The  forthcoming  tasks  of 
the  project  require  sufficient 
modification  of  experimental 
facility.  A  main  change  is  in 
increase  of  gas  temperature 
at  operation.  For  this  purpose 
a  two-stages  preheater  is 
applied:  electric  +  burner. 
The  result  of  preliminary  test 
of  heater4  s  operation  was 


presented  in  the  Second  Year  Technical  Report. 

Fuel  ignition  in  cavity  and  behind  wallstep.  The  numerous  experiments  were  done  at 
different  conditions:  subsonic  and  supersonic  flow;  wallstep,  long  cavity  (l/d=6.5),  and  short 
cavity  (l/d=3.3);  different  pressure;  current  from  5A  to  20A;  both  polarities,  etc.  The  data  for 
wallstep  and  cavity  in  supersonic  mode  are  shown  in  the  Technical  Report  for  typical  electric 
current.  Summarizing  the  discharge  effect  on  pressure  distribution  in  cavity  and  behind 
wallstep  it  should  be  considered  that,  as  a  rule,  the  pressure  rises  noticeably  just  near  discharge 
zone  and  its  distribution  occurs  more  smooth  in  a  cavity  as  a  whole. 

The  results  of  the  tests  on  hydrogen  and  ethylene  ignition  in  separation  zone  of  low- 
temperature  supersonic  flow  were  presented  in  the  Technical  Report.  Several  diagnostics  were 
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applied:  natural  observations,  schlieren  photos,  spectroscopy,  pressure  record,  etc.  The  most 
reliable  way  to  recognize  -eombustion”  was  a  great  pressure  step  in  separation  zone. 


The  hydrogen  combustion  in  cavity  takes  place,  if  the  power  deposition  in  the  discharge 
W>lkW.  If  the  discharge  was  turned  off,  the  combustion  in  cavity  came  to  unstable  mode. 
Increasing  of  hydrogen  flow  rate  over  stoichiometric  ratio  pushes  the  combustion  above  the 
cavity,  if  the  power  deposition  is  not  less  than  Wpi=3kW.  When  the  thermal  power  of 
combustion  grew  more  than  to  WrUci=20kW  a  thermal  choking  of  the  duct  occurred.  With 
hydrogen  injection,  the  combustion  takes  place  in  the  cavity  as  well  as  in  the  shear  layer,  in 
contrast  to  the  combustion  with  ethylene.  An  estimation  and  comparison  with  numerical 
simulations  indicate  a  level  of  pressure  increase  of  AP=10-20Toyy  in  the  cavity  in  case  the 
oxidizer  is  provided  by  circulating  air. 


It  is  well  known  that  some  widening  of  the  gasdynamic  duct  downstream  helps  to  prevent  a 
thermal  chocking.  The  Fig.2.2.2  demonstrates  the  hydrogen  combustion  in  shear  layer  of  free 
stream  in  a  configuration  with  backwise  wallstep  for  the  hydrogen  mass  flow  rate  increased  up 
to  GH2=0.4g/sec.  The  reactions  were  very  intensive  without  blockage  of  supersonic  operation 
mode.  It  is  well  seen  how  the  flow  disturbances  produced  by  combustion  occupied  almost  a 
whole  duct. 


Fig.2.2.2.  Discharge  interaction  with  hydrogen  behind  wallstep.  Pressure,  schlieren  photos. 


Table  2.1.  Plasma-assisted  combustion  power  threshold.  T0=300K,  P0=lBar. 


Threshold  of  ignition  in 
separated  zone 

Threshold  of  ignition  in  shear 
layer 

H2  (T0=300K) 

W~lkW 

W~3kW 

C2H4  (T0=300K) 

W~4kW 

W>9kW  ??? 

That  is,  two  modes  of  discharge-fuel-flow  interaction  were  observed:  fuel  ignition  and 
combustion  just  in  a  cavity,  and  fuel  combustion  in  the  freestream  shear  layer.  In  the  case  of 
hydrogen  injection,  both  modes  were  detected.  However,  under  our  experimental  conditions, 
ethylene  combustion  was  detected  in  the  cavity  only.  The  resulting  data  of  the  plasma-assisted 
combustion  is  shown  in  the  table  below. 


Diagnostics  system  modification  and  adjustment  for  hot  test.  The  following  parameters  of  the 
gas  and  plasma  are  supposed  to  be  measured  during  the  tests: 


Project  #  3057p 


Final  Project  Technical  Report 


Page  20  /  148 


*  Gas  temperature,  averaged  and  local  values,  Tg; 

*  Distribution  of  static  and  stagnation  pressure,  P0,  Pst; 

*  Optical  spectra  of  the  excited  molecules  N2,  CN,  OH,  CH; 

*  Temporal  evolution  of  optical  lines  OH,  CH,  etc.; 

*  Plasma  energetic  parameters; 

*  Dynamics  of  the  ignition  processes  by  video-records  and  Shadow  photos; 

*  Relative  concentration  of  important  gas  species. 

Several  decisions  on  diagnostics  system  modification  were  announced  in  the  Technical 
Report.  The  main  attention  is  paid  for  spectroscopic  results  and  laser  absorption  technique  the 
first  test. 


CFD  analysis  of  filamentaiy  plasma  effect  on  fuel  ignition. 

Calculation  of  three-dimensional  turbulent  flow  in  the  frame  of  reaction  gas  model  was 
executed  at  modeling  a  heat  supply  caused  by  the  direct  current  electric  discharge.  CFD 
modeling  of  flow  in  experimental  set  up  was  based  on  solution  of  3D  Reynolds  Averaged 
Navier-Stocks  equations  (RANS-method)  with  the  utilization  of  the  wide  used  two-equation  k- 
e  model  of  turbulence.  Two  different  channel  geometries  are  in  consideration:  1  -  channel  with 
cavity  and  2  -  channel  with  wall  step  as  it  shown  in  Fig.2.2.3. 


a.  Channel  with  cavity  b.  Channel  with  wall  step 

Fig.2.2.3.  Geometry  of  settlement  area. 

Thermal  power  of  each  source  was  equal  to  lkW.  Total  heat  input  in  the  flow  was  equal  to 
W=5kW.  The  3D  CFD  of  heat  addition  modeling  takes  into  account  the  chemical  reactions 
phenomenon,  witches  are  critically  important  at  high  temperature. 

The  comparison  of  the  results  of  simulation  allows  considering  important  features  of 
combustion  process:  the  combustion  in  cavity  appears  very  intensive  and  the  most  part  of  the 
fuel  completes  the  reactions.  In  the  case  of  wallstep  the  most  part  of  the  fuel  goes  away  from 
the  zone  of  reactions.  The  increase  of  fuel  mass  flow  rate  leads  to  change  the  flow  structure 
behind  the  wallstep  and  decreases  the  combustion  completeness.  The  fuel  jet  goes  to  outlet 
instead  of  circulation.  Such  an  effect  was  described  previously.  Fortunately  the  flow  structure 
in  real  device  is  essentially  3D  and  the  effect  of  the  combustion  saturation  is  not  observed. 


Analysis  of  results  of  lab-scale  test  of  fuel  ignition  behind  wallstep.  The  comparison  of 
experimental  data  and  results  of  simulations  is  being  done  for  the  gasdynamic  configurations 
with  cavity  and  backwise  wallstep.  Formally  the  conditions  of  experiment  and  CFD  are  very 
close  each  other.  The  table  2.2  presents  integral  result  of  calculations  and  estimation  on  the 
base  of  experimental  data. 
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Table  2.2.  Calculated  and  experimental  data  on  the  combustion  completeness  for  wallstep- 
based  flameholder. 


Output  Gh2,  g/s 

Output  Gh20,  g/s 

Completeness 

2D  CFD,  GH2=0.1944g/s 

0.162 

0.307 

0.16 

2D  CFD,  GH2=1.39g/s 

1.32 

0.742 

0.05 

Experiment,  GH2=0.4g/s 

- 

- 

>0.6 

Experiment,  GH2=0.9g/s 

- 

- 

>0.55 

Several  notes  have  to  be  done.  The  fuel  being  injected  into  the  zone  of  separation 
penetrates  upstream  wallstep  with  appropriate  power  deposition  there.  An  interaction  with 
shock  near  edge  of  the  step  leads  to  flow  separation,  and  consequent  amplification  of  fuel 
penetrating  and  the  power  deposition.  The  second  valuable  feature  is  that  atomic  oxygen 
density  has  a  maximum  forestream  an  area  of  intensive  reactions  and  local  minimum  just 
behind  the  step,  where  a  significant  amount  of  fuel  is  observed.  Actually  two  zones  of 
combustion  can  be  recognized:  just  near  wallstep  and  downstream  in  the  shear  layer. 
Hopefully,  the  oncoming  experiments  give  more  details  for  comparison  with  more  completed 
data  of  simulations. 

Conclusions  for  the  second  year  efforts.  We  considered  various  methods  for  high-speed 
combustion  control:  plasma-induced  ignition,  plasma-intensified  mixing,  and  flameholding  by 
plasma  generation.  The  main  physical  mechanisms  of  the  plasma  effect  are  described  as 
follows:  they  are  not  only  heating  of  the  gas  and  the  enonnously  high  value  of  radical 
deposition  by  nonequilibrium  plasma,  but  also  the  flow  structure  regulation.  The  maximum 
effect  at  minimal  power  deposition  can  be  realized  under  in-situ  generation,  and  nonunifonn 
discharge  structure. 

A  previously  proposed  multi-electrode  quasi-DC  discharge  through  separation  zone  was 
developed  for  utilization  in  the  cavity  and  wallstep  configurations  of  a  supersonic  duct.  The 
peculiarities  of  the  filamentary  discharge  maintenance  in  a  high-speed  flow  under  separation 
were  explored  experimentally.  2D  and  3D  CFD  simulation  was  performed  to  provide  both  a 
greater  physical  insight  and  a  prediction  of  the  critical  parameters  for  the  corresponding 
plasma-ignition  experiment. 

The  results  of  model  experiments  on  the  ignition  of  the  non-premixed  air-fuel  composition 
in  high-speed,  low-temperature  flow  behind  a  backward  wallstep  and  in  the  cavity  are 
presented.  The  energetic  threshold  for  hydrogen  ignition  in  the  separated  zone  was  about 
W=lkW,  while  the  value  required  for  plasma-assisted  combustion  in  the  shear  layer  was 
W=3kW  for  our  experimental  conditions.  Of  interest  is  the  fact  that  the  discharge  switching  off 
leads  to  immediate  extinction  of  the  hydrogen  flame  in  the  free  stream,  but  unsteady 
combustion  in  the  cavity  continues  if  the  H2  mass  flow  rate  is  close  to  the  stoichiometric  value 
with  respect  to  an  air  exchange  rate  in  the  separated  zone  of  GH2~0.15g/s. 

The  analytical  and  experimental  efforts  in  frame  of  project  3057p  yield  the  following 
results  the  second  year. 

o  The  experimental  facility  PWT-50H  was  designed,  assembled  and  tested.  Modified 
experimental  arrangement  was  prepared  for  the  further  test  of  high-temperature  ignition  in 
a  separation  zone  of  high-speed  flow.  Main  operation  modes  were  observed  and  described, 
o  The  air  heater  with  the  power  supply,  and  new  test  section  were  designed,  manufactured 
and  adjusted. 
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o  The  analysis  of  results  of  lab-scale  test  was  perfonned  on  the  base  of  experimental  data  and 
CFD  simulations. 

o  Diagnostics4  system  for  hot-air  test  was  announced.  The  most  diagnostic  arrangement  was 
prepared. 

o  2D  and  3D  CFD  simulations  were  perfonned  for  analysis  of  non-homogeneous  energy 
release  effect  on  gaseous  fuel  combustion  in  the  vicinity  of  cavity  and  behind  wallstep  in 
supersonic  duct. 
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2.3.  Short  review  of  the  third  year  efforts. 

In  the  third  year  of  the  project  a  main  attention  was  paid  for  the  experiments  at  elevated 
temperature  of  the  air  and  for  analysis  of  the  results  based  on  experimental  data  and  data  of 
computational  efforts. 

In  the  9th  quarter  of  the  project  a  main  activity  was  arrowed  on  the  air  heater  adjustment, 
analysis  of  its  operation  after-effects,  and  evaluation  of  air  temperature.  A  criterion  of 
efficiency  of  plasma  ignition  is  formulated.  Also  the  progress  in  3D  Navier-Stokes 
computational  analysis  of  fuel  ignition  in  cavity  and  behind  wallstep  is  presented  in  the  report. 
Extra  efforts  were  done  to  analyze  the  effect  of  the  air  pollution  on  the  fuel  ignition  due  to  air 
heater  operation.  During  the  10th  quarter  of  the  project  a  main  activity  was  arrowed  on  the 
experiments  on  ethylene  ignition  behind  wallstep  at  elevated  temperature  of  air.  Renewed  data 
on  the  discharge  behavior  and  plasma  parameters  were  obtained.  Also  the  effectiveness  of  fuel 
ignition  behind  wallstep  was  analyzed  and  presented  in  the  report.  In  the  11th  quarter  a  main 
activity  was  arrowed  on  the  experiments  on  liquid  hydrocarbon  fuel  ignition  behind  wallstep  in 
cold  flow  and  at  elevated  temperature  of  the  air.  New  data  on  the  correlation  of  the  optical 
spectra  with  the  regimes  of  airflow-fuel-discharge  interaction  were  obtained  and  put  in  the 
Report.  During  the  12th  quarter  of  the  project  the  extra  experiments  were  perfonned  on  the 
ethylene  flameholding  behind  wallstep  at  different  fuel  mass  flow-rate,  different  geometry  of 
the  fuel  feeding,  different  discharge  power,  and  different  air  temperature.  A  CFD  method  was 
applied  for  analysis  of  the  experimental  results  on  the  hydrogen  combustion  that  was  obtained 
previously. 

The  air  heater  was  adjusted  and  tested  in  typical  operation  modes.  The  temperature  of  the 
gas  elevation  was  examined  by  two  different  methods.  Significant  improvement  of  the 
measuring  system  was  fulfilled,  namely,  for  the  schlieren  system,  laser  absorption  system,  and 
chemical  station.  IR  monitoring  was  included  to  the  list  of  technique  for  hot  test.  The 
experimental  facility  PWT-50H  was  prepared  for  the  hot  test.  General  layout  of  the  facility  and 
arrangement  are  presented  in  Fig.2.2.1. 

The  air  heater  was  conjunct  to  separate  vacuum  chamber  for  the  operation  mode  adjustment. 
These  modes  were  also  tested  in  regular  mounting.  The  schlieren  device  was  equipped  by  pulse 
source  of  light  emission  with  repetitive  rate  f>lkHz.  Tuning  was  perfonned.  The  workstation 
for  the  chemical  analysis  (CH,  CO,  NOx,  02,  C02)  was  delivered  and  tested. 

The  air  heater  adjustment  test  includes:  measurement  of  gasdynamic  and  electrical 
parameters;  visualization  of  the  arc  operation  and  of  ethylene  combustion  in  the  heater,  and 
chemical  analysis  of  exhaust  gas. 

The  chemical  analysis  of  exhaust  gases  was  performed  by  workstation  -GPTEC-2C”. 
Methodic  of  measurements  includes  exposure  after  the  run  and  pressure  equalization  with 
atmosphere  in  low-pressure  tank  (volume  C=0.7nr’). 

The  expected  result  of  the  heater  operation  is  in  the  gas  temperature  elevation.  Currently  the 
facility  is  not  equipped  by  method  of  direct  temperature  measurement.  Thennocouples  can‘t  be 
utilized  due  to  too  fast  heating  and  sequential  cooling  of  the  surfaces.  Therefore  two  indirect 
methods  were  used  for  the  temperature  evaluation:  calculations  on  the  base  of  data  on  power 
release,  and  gasdynamic  method  based  on  pressure  measurements.  The  table  below  presents  the 
data  of  estimations  of  the  heater  operation  for  two  values  of  fuel  mass  flow-rate  (completeness 
r/=l),  and  recalculation  of  the  experimental  data  at  Gc2H4=4.35g/s,  Gai,  =0.9kg/s. 
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Table  2.3.1. 


Teater  operation  modes.  Models  and  experiment. 


Gc2H4, 

g/s 

Gair 

heater, 

g/s 

ER 

Wel,  kW 

comb  i 

kW 

wtot,  kW 

AT,  K 

Models 

5 

80 

0.93 

50 

220 

270 

300 

10 

160 

0.93 

50 

440 

490 

544 

Experiment 

4.35 

65 

0.98 

55 

190 

245 

272 

The  efforts  were  proceeded  to  study  the  features  of  the  ethylene  plasma-assisted 
combustion  behind  wallstep  in  cold  air  and  at  an  elevated  gas  temperature.  The  modes  with 
effective  ignition  and  combustion  were  found.  At  the  same  time  the  heating  of  the  air  leads  to 
narrowing  of  concentration  limits.  The  estimations  of  the  combustion  completeness  were  done 
on  the  base  of  comparison  with  the  data  of  numerical  simulations  and  experimental  data  on  the 
hydrogen  combustion  in  the  same  configuration.  The  previous  simulations  give  the  relation 
between  the  power  deposition  and  the  pressure  rise  in  separation  zone.  This  factor  is 
^(2.4±0.2)Torr/kW  in  a  linear  part  of  characteristic.  The  results  on  ignition  efficiency  have 
the  linear  part  of  the  dependence  of  the  pressure  rise  on  the  fuel  mass  flow-rate.  The  grade  is 
dP/dG~120Torrxs/g,  approximately.  Using  these  data  it  is  easy  to  estimate  the  thermal  effect 
of  the  combustion: 


,  1  dP 

h  =  —  x  - 


£  dG 


fuel 


(50  +  5  )kJ/g 


This  value  is  very  close  to  standard  heat  effect  of  the  ethylene  combustion  hC2H4=47.5kJ/g. 
So  it  can  be  considered  that  in  a  range  Gluci=0. 1 6-0.8g/s  the  combustion  efficiency  is  quite 
high,  not  worse  that  ri=0.8.  At  G>0.9g/s  the  efficiency  drops  quickly.  Under  the  air  heater 
operation  the  efficiency  is  much  lower  due  to  instability  of  combustion  front. 

The  experiments  were  carried  out  on  the  plasma-assisted  combustion  of  ethylene  in  cold  air 
and  under  the  heater  operation.  The  dependence  of  the  combustion  efficiency  on  the  fuel  mass 
flow-rate  was  obtained.  The  energetic  threshold  of  the  plasma-assisted  combustion  was 
measured  for  a  new  scheme  of  the  fuel  injection.  An  effectiveness  of  the  discharge  for  the 
ignition  is  evaluated.  A  less  efficiency  is  considered  for  a  heated  air. 

Two  types  of  the  combustion  instability  were  described:  intensive  oscillations  and  the 
combustion  breakdown.  Conditions  of  appearance  and  possible  mechanisms  of  development 
are  discussed.  The  static  pressure  dependence  on  fuel  mass  flow  rate  is  shown  in  Fig.2.3.1.  A 
general  trend  is  in  almost  linear  behavior  for  a  lean  mixture,  maximal  values  under  thennal 
choking,  and  a  combustion  breakdown  for  a  rich  composition.  The  effect  of  breakdown  is 
shown  in  Fig.2.3.1  as  well  as  the  hydrogen  injection  influence  on  the  pressure  distribution 
itself. 
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Fig.2.3.1.  Effects  of  fuel  injection,  and  combustion  breakdown  on  the  pressure  redistribution. 
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The  experiments  on  liquid  hydrocarbon  fuel  ignition  behind  wallstep  at  low  and  elevated 
temperature  of  the  air  were  performed  as  well.  Due  to  a  low  efficiency  of  the  fuel  ignition  the 
extra  efforts  were  undertaken  for  the  ignition  reinforcement  by  hydrogen  or  ethylene  addition. 
The  kerosene  injection  to  the  zone  of  the  hydrogen  combustion  affects  on  the  radiation 
intensity,  pressure,  and  the  discharge  parameters.  Two  main  processes  are  under  competition:  a 
primary  flame  quenching,  and  the  kerosene  combustion.  In  the  geometry  behind  wallstep  the 
second  process  is  prevailed.  It  becomes  apparent  in  pressure  and  discharged  voltage  increase. 

The  tests  were  performed  at  different  fuel  mass  flow-rate,  different  geometry  of  the  fuel 
feeding,  different  discharge  power,  and  different  air  temperature.  A  main  attention  was  paid  for 
the  experiments  on  the  ethylene  ignition  and  flameholding  behind  the  wallstep.  The  test 
geometry  was  specified  to  avoid  a  thermal  choking  of  the  GD  channel  by  means  of  walls4 
expansion.  The  ethylene  was  chosen  as  hydrocarbon  fuel  (the  hydrogen  is  too  easy  to  be 
ignited).  The  elevated  temperature  of  air  was  provided  by  the  heater  in  a  range  T0=300-620K 
in  quasi-continuous  mode  and  T0<1100K  in  pulse  mode.  To  have  a  better  discharge 
performance  as  the  igniter  the  location  of  fuel  orifices  was  assorted.  The  fuel  mass  flow-rate 
and  the  discharge  power  release  were  varied  as  well.  It  was  demonstrated  the  reducing  of 
intensity  of  the  fuel  combustion  at  increase  of  the  gas  temperature  under  the  experimental 
conditions.  A  working  hypothesis  is  that  an  increase  of  the  temperature  leads  to  intensification 
of  the  gas  circulation  in  separation  zone  and  gas  exchange  between  separated  zone  and  main 
flow. 

The  3D  Navier-Stokes  computational  analysis  of  fuel  ignition  in  cavity  and  behind  wallstep 
was  fulfilled.  Extra  efforts  were  done  to  analyze  the  effect  of  the  air  pollution  on  the  fuel 
ignition  due  to  air  heater  operation.  The  analysis  demonstrates  that  the  concentration  of  water 
vapors  larger  than  1%  can  increase  the  time  of  ignition  of  hydrogen  at  low  temperature 
noticeably.  The  addition  of  C02  is  not  so  significant.  The  decrease  of  the  pressure  reduces  the 
influence  of  impurities.  Last  time  the  works  are  popular  where  a  small  addition  of  NO  is 
considered  as  an  important  impurity  to  accelerate  the  fuel  ignition.  Our  simulations  show  that 
the  effect  appears  for  the  C2H4  and  for  H2,  indeed,  but  doesn‘t  work  for  CH4,  for  instance. 
Significant  decrease  of  the  ignition  time  is  observed  at  temperatures  lower  than  1300K.  At 
T<1000K  the  time  of  ethylene  ignition  under  1%N0  addition  appears  lower,  than  for 
hydrogen-air  mixture.  So,  the  effect  of  NO  has  to  be  taken  into  account  very  carefully. 

The  efficiency  of  plasma  ignition  was  evaluated.  As  it  was  considered  the  energetic  type  of 
criterion  can  be  taken  for  the  rough  characterization  of  the  ignition  efficiency.  The  most 
important  value  of  this  approach  is  the  power  of  self-ignition  WSi,  which  is  a  calculated  power 
that  has  to  be  released  to  the  gas  for  predefined  induction  time  of  thennal  ignition.  The 
physical  criterion  suggests  that  the  thermal  power  of  self-ignition  should  be  related  to  a 
measured  power  threshold  (electrical)  of  ignition  or  flame  stabilization.  The  main  result  was 
the  efficiency  can  be  as  high  as  r)=l 00-300  depending  on  conditions. 

A  main  result  of  hydrogen-air  CFD  simulation  is  the  effect  of  combustion  completeness 
reduction  at  the  gas  temperature  increase.  The  figures  below  show  the  dependence  of  the 
pressure  rise,  and  combustion  completeness  on  fuel  mass  flow-rate  at  three  different  gas 
temperature  and  constant  value  of  the  discharge  power  Wpi=5kW. 

The  model  didn‘t  predict  a  thermal  choking  of  the  duct  and  instability  of  the  combustion 
at  rich  mixture.  At  the  same  time  the  combustion  completeness  occurs  a  bit  higher  in 
experiment  than  under  modeling. 

The  main  objective  of  the  spectroscopic  measurements  during  those  series  of  experiments 
was  to  find  some  clear,  definite  difference  between  spectral  features  for  two  cases:  the  former 
is  a  situation  when  ethylene  is  ignited  within  the  discharge  region,  in  the  latter  ignition  does  not 
occur  in  spite  of  the  ethylene  injection  into  the  discharge  region.  The  main  spectral  features  of 
the  discharge  emission  during  its  operation  within  the  mixture  of  air  and  hydrocarbons  are  the 
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different  molecular  bands,  such  as  CN  (B-X  violet  system),  C2  (Swan  band),  CH,  OH  and  some 
other.  All  these  bands  are  typical  for  the  combustion,  but  they  can  be  exited  by  the  discharge  as 
well.  It  means  that  these  bands  are  clearly  seen  at  the  discharge  operation  in  hydrocarbons  and 
air,  whether  ignition  occurs  or  not  and  this  fact  was  proved  during  our  previous  experiments. 
The  behavior  of  the  atomic  lines  for  the  atoms,  which  are  important  for  combustion,  was 
studied  during  last  experiments  instead  of  the  molecular  bands.  These  lines  are  Ha  (656  nm) 
and  O  (777  nm).  Temperature  measurements  by  passive  optical  spectroscopy  have  given  a 
rotational  temperature  of  3500  K  for  the  measurements  by  Ni  (second  positive  system). 


Fig.2.3.2.  Pressure  rise  and  combustion  completeness  as  the  result  of  modeling  in  comparison 
with  experimental  data.  M0=2,  T0=300K,  W=5kW. 


Project  #  3057p 


Final  Project  Technical  Report 


Page  27  /  148 


2.4.  Short  review  of  the  fourth  year  efforts. 

The  forth  year  efforts  were  arrowed  to  the  hydrogen  and  gaseous  hydrocarbon  fuels 
ignition  and  flameholding  by  transversal  surface  DC  discharge  above  the  plane  wall  of 
supersonic  duct.  This  experimental  work  was  supported  by  the  laser-based  diagnostic  and 
computational  modeling.  The  analysis  of  results  of  four-year  work  was  made  in  the  last  quarter. 

In  the  14th  quarter  the  efforts  were  arrowed  on  the  proceeding  of  laser-based  diagnostic 
adjustment  for  PWT-50H  facility.  In  the  15th  quarter  the  first  results  were  obtained  based  on 
laser-based  diagnostics,  namely:  gas  temperature  in  zone  located  below  the  combustion  area 
and  H20  concentration  in  the  same  point.  Those  measurements  were  perfonned  for  the 
hydrogen  combustion.  The  gas  temperature  occurs  in  a  range  Tst=900-1 100K  and  the  water 
vapors  partial  pressure  PH2o=20-22Torr.  In  the  16th  quarter  the  results  were  obtained  for  the 
ethylene  combustion  and  the  temperature  distribution  was  measured  as  well. 

During  the  16th  quarter  of  the  project  performance  a  main  work  was  focused  on 
experiments  for  discharge  based  flameholding  on  the  plane  wall  at  elevated  gas  temperature. 
During  previous  efforts  (15th  quarter)  three  geometrical  modes  were  considered  for  the  tests: 
rectangular  channel  with  20degresses  inclination  of  the  bottom  wall  downstream  of  zone  of 
interaction,  lOdegrees  inclination  of  the  bottom  wall,  and  lOdegrees  inclination  of  the  opposite 
to  plasma  generator  wall.  During  the  15th  quarter  of  the  project  two  configurations  were  tested 
at  T0=300K:  20°  and  10°  of  inclination.  Now  it  is  concluded  that  the  most  correct 
configuration  is  the  third  model  because  of  the  actually  plane  wall  in  zone  of  combustion. 

The  flame  front  position  is  sensitive  to  the  fuel  flow  rate  and  discharge  power.  The 
characteristic  points  were  chosen  as  the  most  representative:  Pst40  -  static  pressure  in  40mm 
downstream  the  electrodes;  Pst  100,  which  locates  in  100mm  downstream;  and  Pst  175,  which 
locates  on  opposite  wall  in  175mm  downstream.  The  graphs  in  Fig.2.4.1  show  the  dependence 
of  pressure  in  these  points  on  ethylene  flow  rate.  It  is  clearly  seen  that  at  rich  mixture  the 
ethylene  is  more  difficult  to  be  ignited  (requiring  greater  discharge  power)  and  flamefront 
shifts  downstream  of  the  place  of  interaction.  The  combustion  completeness  is  reduced  as  well. 


Fig.  2.4.1.  Static  pressure  vs  ethylene  flow  rate  in  various  cross-sections. 

As  it  was  found  out  during  the  previous  work  the  temperature  elevation  reduces  the  discharge 
abilities  for  the  flameholding.  At  higher  initial  flow  enthalpy  the  higher  level  of  the  discharge 
power  is  required  for  stable  ignition  and  flameholding.  The  same  effect  was  observed  for  the 
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plane  wall  configuration.  A  general  rule  is  that  the  increase  of  temperature  leads  to  shift  of 
flamefront  downstream. 

Distribution  of  the  gas  temperature  across  the  channel  was  measured  by  means  of  laser  diode 
absorption  spectroscopy  (LDAS).  At  present  time  the  test-molecule  is  water  -  FfiO.  Two 
spectral  ranges  containing  absorption  lines  of  FLO  that  are  suitable  for  the  DWADL  have  been 
chosen  after  analysis  of  the  HITRAN  and  HITEMP  databases  -  1.39  pm  and  1.41  pm.  Method 
of  the  measured  and  theoretical  spectra  comparison  is  developed.  The  method  is  based  on  the 
transfonnation  of  the  spectra  to  the  images  and  sequential  processing  of  the  images  by  digital 
methods. 


y,  mm 

Fig.  2.4.2.  Gas  temperature  vs  distance  from  the  wall. 


Measurements  were  carried  out  in  the  flame  region  170  mm  downstream  the  electrodes. 
Laser  beam  was  shifted  in  direction  crossing  the  channel  axis  within  the  range  8-27mm  from 
the  top  wall.  It  was  impossible  to  make  measurements  closer  to  the  wall  without  changing  the 
test  section,  but  these  measurements  will  be  done  later,  after  some  adjustment  of  experimental 
facility.  Nevertheless,  the  trend  in  the  Fig.2.4.2  is  clear.  Temperature  was  changing  during  the 
run,  so  the  averaging  values  are  presented.  A  linear  part  of  the  temperature  distribution  has 
been  registered  within  the  measuring  region.  It  is  of  interest  the  temperature  distribution  till  the 
axis  of  the  channel,  but  there  is  an  unstable  shear  layer  starting  from  20  mm  (see  schlieren 
images).  The  accuracy  of  the  measurements  in  this  layer  is  very  low,  estimating  100K,  as  it  is 
shown  in  the  Fig.2.4.2. 
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2.5.  Short  review  of  the  fifth  year  efforts. 

The  work  in  5th  year  was  aimed  to  study  the  hydrogen  and  gaseous  hydrocarbon  fuels 
ignition  and  flameholding  by  transversal  surface  DC  discharge  above  the  plane  wall  of 
supersonic  duct  under  the  variation  of  reduced  electrical  field.  This  experimental  work  was 
supported  by  the  spatial-resolved  laser-based  diagnostic  to  measure  the  specific  rate  of  the  fuel 
oxidation  (prove  of  the  two-stage  mechanism  of  ignition). 

In  21st  quarter  the  tests  were  made  on  the  electrical  discharge  optimization  for  the  future 
experiments  on  plasma-assisted  combustion.  A  new  scheme  of  the  laser-based  non-intrusive 
measurements  was  developed  as  well.  In  22nd  and  23ld  quarters  the  experimental  work  were 
performed  to  measure  the  dynamics  of  the  temperature  and  water  vapor  concentration  in 
combustion  zone  and  downstream  at  the  hydrogen  and  ethylene  injection  by  DLAS.  Extra 
numerical  simulations  were  made  to  examine  the  effect  of  reduced  field  in  plasma  of  electrical 
discharge  on  the  ignition  time.  The  results  of  calculations  were  analyzed  in  frames  of  idea  of 
two-stage  mechanism  of  the  plasma-assisted  combustion.  In  24th  quarter  the  main  attention  was 
paid  for  analysis  of  data. 

Recently  two-stage  mechanism  of  Plasma-Assisted  Combustion  was  announced  by  G. 
Mungal,  M.  Cappelli  with  coauthors  for  convective  flame  [1-2],  and  by  S.  Leonov,  V. 
Sabelnikov  with  coauthors  for  supersonic  non-premixed  flame  [3-4].  The  idea  may  be  briefly 
described  as  follows:  in  case  of  hydrocarbon  fueling  and  low  temperature,  flame  stabilization 
by  non-equilibrium  plasma  occurs  by  means  of  a  two-step  process.  During  the  first  step  the 
plasma  induces  active  radicals  production  and  so-called  -preflame”  (or  fuel  reforming  in  terms 
of  Stanford‘s  team),  which  may  be  simplified  as  production  of  FE,  CH2O,  and  CO.  In  spite  of 
bright  luminescence,  this  zone  does  not  experience  significant  temperature  and  pressure 
increase.  This  -preflame”  or  -eool  flame”  [5-7]  appears  as  a  source  of  active  chemical  species 
that  initiates  (under  favorable  conditions)  the  second  step  of  normal  -hot”  combustion, 
characterized  by  high  temperature  and  pressure  rise.  Now  this  idea  is  promoted  as  one  of  the 
most  important  features  of  plasma  method  for  the  combustion  enhancement. 

The  major  properties  of  the  near-surface  quasi-DC  electrical  discharge  were  described  in 
previous  Reports  and  papers  [8,  9].  The  regulation  of  power  release  in  a  range  Wpf=  3-17kW 
was  perfonned  by  means  of  electrical  current  change  Ipi=2-20A.  If  the  current  is  increased  by  a 
factor  of  10,  the  voltage  is  decreased,  but  only  by  a  factor  of  5.  It  is  resulted  in  rise  of  the 
power  in  about  2  times.  Such  a  method  leads  to  some  variation  in  the  reduced  electric  field 
E/N.  Usually  it  is  mentioned  that  non-equilibrium  plasma  (characterized  by  higher  level  of 
E/N)  occurs  more  effective  in  terms  of  fast  fuel  ignition  [11,  for  example].  In  our  particular 
case  it  should  be  considered  two  main  factors  of  successful  fuel  ignition  and  flameholding:  (1) 
the  discharge  power;  and  (2)  length  of  the  discharge  filaments  (the  length  reflects  a  time  of 
interaction).  All  other  factors  appeared  as  much  less  important.  Special  experimental  series 
shown  a  generation  of  sequence  of  active  zones  of  reacting  gas  moved  downstream  from  the 
place  of  immediate  plasma-fuel  interaction  that  is  well  seen  in  Fig.2.5.1.  These  zones  appear  as 
hotbeds  of  consequent  flamefront. 

Discharge 


Flow 


Fig.2.5.1.  Discharge  appearance  at  the  ethylene  injection  -  reacting  gas  luminescence  in  M=2 

flow. 
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Tunable  diode  laser  (DL)  absorption  spectroscopy  (TDLAS)  is  a  widely  used  spectroscopic 
technique  for  the  detection  of  various  parameters  of  heated  zones  [12-14].  This  technique 
provides  remote,  non-perturbing  measurements  of  the  parameters  of  a  hot  zone  with  time 
resolution  in  the  ps-ms  range  depending  on  the  specific  experimental  conditions.  The  technique 
is  usually  based  on  the  measurements  of  the  ratio  of  the  absorption  line  intensities  of  a  test 
molecule.  If  Boltzmann  distribution  of  the  energy  levels  is  established,  the  ratio  of  the  line 
intensities  depends  only  on  the  kinetic  temperature  of  the  object. 

The  parameters  of  the  probed  medium  are  obtained  as  a  result  of  experimental  spectra 
fitting.  In  most  cases  the  individual  absorption  lines  are  fitted  using  Voigt  profiles.  This 
approach  does  not  require  the  exact  mechanism  of  line  broadening.  The  temperature  is  inferred 
from  the  ratio  of  the  integrals  (or  amplitudes)  of  the  selected  lines  using  the  ratio  calculated 
from  spectroscopic  databases.  The  alternative  is  the  fitting  of  a  whole  spectral  interval,  which 
includes  the  selected  lines.  In  this  case  the  spectroscopic  parameters  of  the  lines  from  the 
databases  are  used.  One  should  correctly  account  for  different  mechanisms  and  fit  experimental 
line  profiles  using  selected  models  of  line  broadening. 


Fig.2.5.2.  Scheme  of  DLAS  measurements. 

Molecular  water  was  used  as  a  test  molecule.  Water  vapor  is  one  of  the  major  combustion 
products  and  key  indicators  of  the  extent  of  combustion  and  is  therefore  widely  used  as  a  tracer 
of  combustion  processes  in  mixed  gas  flows.  Initially,  the  optimal  TDLAS  strategy  was 
developed  in  laboratory  experiments  with  stable  conditions  in  an  evacuated  cell  filled  with  the 
air.  The  optimized  and  validated  version  of  the  TDLAS  technique  was  then  applied  to  the 
measurement  of  the  temperature,  total  gas  pressure,  and  FLO  concentration  in  a  plasma-assisted 
supersonic  combustion  flow. 

The  selection  of  the  specific  spectral  lines  was  dictated  by  several  reasons:  the  energies  of 
low  levels  should  be  different,  the  lines  should  be  reasonably  resolved  and  the  spectral  interval 
should  be  free  from  lines  of  other  gas  components.  The  following  FLO  absorption  lines  were 
selected:  7189.344  cm'1  (E"  =  142  cm'1),  7189.541  cm'1  (E"  =  1255  cm'1),  7189.715  cm'1  (£"  = 
2005  cm'1).  All  lines  could  be  recorded  in  a  single  scan  of  the  DL  wavelength  across  a  1 
cm'1  spectral  interval. 

The  final  version  of  the  experimental  set-up  is  shown  in  Fig.2.5.2.  All  parts  of  the  set-up 
constrained  by  the  dashed  line  in  Fig.2.5.2  were  located  in  the  separate  room.  The  DL  beam 
was  routed  to  the  chamber  via  a  22  m-long  single-mode  fiber  (core  0  9  pm).  Besides  this  22m 
long  fiber  all  other  components  were  the  same  as  in  the  laboratory  experiments:  fiber 
multiplexer,  which  divided  the  beam  into  two  channels  (signal  and  reference),  end  gradient 
collimators,  collecting  lens  and  photodiodes.  The  optical  path  inside  the  test  chamber  was  7 
cm.  The  DL  beam  probed  a  cross-section  of  about  2  mm  within  the  combustion  zone.  The 
collimator  of  the  signal  beam  was  fixed  in  an  optical  head,  which  was  solidly  mounted  at  the 


Project  #  3057p 


Final  Project  Technical  Report 


Page  31  / 148 


input  window  flange  of  the  chamber.  The  head  could  be  precisely  translated  in  x-y  directions 
and  angularly  aligned. 

The  basic  results  of  study  of  plasma-assisted  flameholding  in  high-speed  flow  can  be  found 
in  publications  [3-4,  8-9,  15].  Ignition  and  flameholding  were  realized  for  H2  and  C2H4  fuelling 
on  a  plane  wall  by  using  a  transversal  electrical  discharge  at  relatively  low  power  deposition 
(<2%  of  flow  enthalpy).  The  power  threshold  for  a  hydrogen  flameholding  was  measured  to  be 
Wpi<3kW;  with  ethylene  fuelling  it  was  measured  to  be  Wpi>4kW.  The  combustion  efficiency 
was  estimated  and  it  is  found  sufficiently  high,  about  0.9,  for  both  hydrogen  and  ethylene.  The 
ignition  effect  of  the  gas  discharge  was  compared  for  different  levels  of  the  power,  power 
density,  and  reduced  electrical  field  (characterizing  the  departure  from  equilibrium  for  the 
discharge). 


Fig.2.5.3.  Evolution  of  wall  pressure.  Hydrogen  injection,  discharge  power  Wpi=8kW.  X=0  - 

electrodes  line. 

The  typical  data  are  presented  to  clarify  the  result  of  interaction.  The  DLAS  measurements 
were  recorded  using  also  the  additional  window  of  the  test  section.  The  wall  pressure 
distributions  in  Fig.2.5.3  for  hydrogen  combustion  illustrate  details  of  plasma- fuel-flow 
interaction.  One  can  conclude  that  the  combustion  zone  locates  not  only  in  immediate  vicinity 
of  the  zone  of  discharge  and  the  fuel  feeding. 

The  DLAS  measurements  were  fulfilled  in  typical  operation  modes:  plasma  power  was 
Wpi=8kW,  hydrogen  mass  flow  rate  was  GH2=0.3g/s,  and  the  ethylene  Gc2H4=0.8g/s.  The 
typical  absorption  spectra  are  shown  in  Fig.2.5.3  for  -eold”  and  -hot”  conditions.  They  were 
averaged  over  30  scans.  In  some  cases  a  high  signal-to-noise  ratio  enabled  spectral  fitting  with 
fewer  averaged  scans.  In  reality  the  fluctuations  of  gas  parameters  is  observed  strong, 


Fig.2.5.3.  Typical  absorption  spectra  of  water  vapors  for  two  zones  of  flowfield. 


Project  #  3057p 


Final  Project  Technical  Report 


Page  32  / 148 


The  temperature  distribution  along  the  combustor  obtained  as  a  result  of  such  fitting  is 
shown  in  Fig.2.5.4.  Each  point  in  the  figure  was  obtained  in  individual  run  of  the  facility.  The 
values  of  the  temperature  inferred  from  both  slopes  coincide  reasonably  well.  The  water  vapor 
partial  pressure  measured  in  a  parallel  way  is  presented  in  Fig. 2. 5. 5.  The  estimated  precision 
(statistical  error)  of  the  temperature  measurements  was  a  =  40  K. 


Fig.2.5.4.  Temperature  distribution  measured  by  DLAS.  X  axis  is  along  the  flow  direction.  Y  is 

the  distance  from  the  wall. 


Fig. 2. 5. 5.  Water  vapor  partial  pressure  in  plasma  assisted  combustor. 


P0  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  Air-C2H4,  ER  =  1 


Fig.2.5.6.  Calculations:  dynamics  of  gas  temperature  due  to  plasma  effect  on  combustible  mixture  at 
initial  temperature  variation.  P0  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  Air-CaFE,  ER  =  1. 

To  explain  the  above  observations,  we  propose  the  following  two-zone  (it  reflects  the  two- 
stage  ignition  process)  scheme  of  the  plasma  assisted  flameholding.  Zone  1,  in  which  the 
-eold”  combustion  takes  place  accompanied  by  plasma-induced  fuel  conversion  and  relatively 
small  power  release.  Note,  that  the  combustion  layer  in  this  zone  is  rather  thin.  It  is  actually  the 
shear  layer,  where  the  mixing  is  additionally  promoted  by  the  plasma  filaments.  Despite  of 
high  gas  temperature  here  a  total  heat  release  is  not  big.  Zone  2,  in  which  the  combustion  is 
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completed  or  almost  completed  with  high  energy  release.  Intensive  mixing  limits  the  gas 
temperature  elevation.  We  emphasize  that  the  plasma  is  the  key  element  of  this  scheme:  it 
launches  the  cold  combustion  inside  of  the  first  zone  by  generating  high  amount  of  active 
species.  The  lengths  of  the  first  zone  in  our  tests  were  measured  by  the  schlieren  and  schlieren- 
streak  technique  in  the  range  of  from  50mm  to  150mm.  It  corresponds  to  the  induction  time 
range  Tind=0.1  -0.3ms. 

The  simulations  performed  proved  the  two-stage  mechanism  of  plasma-induced  ignition  as 
it  is  shown  in  Fig.2.5.6.  Such  a  mechanism  is  appeared  mostly  at  intennediate  level  of  initial 
gas  temperature  Tg=500-800K.  At  higher  temperature  the  thermal  mechanism  is  prevailed 
concealing  the  plasma  effect. 

References  to  section  2.5. 

1  Hyungrok  Do,  M.  Godfrey  Mungal,  and  Mark  A.  Cappelli  -Jet  Flame  Ignition  in  a  Supersonic 
Crossflow  Using  a  Pulsed  Nonequilibrium  Plasma  Discharge”,  IEEE  Transactions  on  Plasma 
Science,  Vol.  36,  No  6,  Dec  2008,  pp.  2918-2923 

2  Wookyung  Kim,  M.  Godfrey  Mungal,  Mark  A.  Cappelli,  —the  role  of  in  situ  reforming  in 
plasma  enhanced  ultra-lean  premixed  methane/air  flames”,  Combustion  and  Flame,  157  (2010), 
374-383 

3  Leonov  S.B.,  Carter  C.,  Yarantsev  D.A.  — Expdments  on  Electrically  Controlled  Flameholding 
on  a  Plane  Wall  in  Supersonic  Airflow”,  Journal  of  Propulsion  and  Power,  2009,  vol.25,  no.2, 
pp. 289-298 

4  Sergey  Leonov,  Dmitry  Yarantsev,  Vladimir  Sabelnikov,  Electrically  Driven  Combustion  near 
Plane  Wall  in  M>1  Duct,  3rd  EUCASS  Proceedings,  July  2009,  Versailles,  France 
Basevich,  V.  Ya.  Chemical  kinetics  in  the  combustion  processes.  In:  — Handbob  of  heat  and 
mass  transfer”.  V.  4  (Ed.  N.Cheremisinoff),  Houston:  Gulf.  1990,  p.  769 

6  Sokolik  A.  S.,  — Slcf-ignition  and  combustion  in  gases”,  UFN  (rus),  XXIII,  issue  3,  1940, 
pp. 209-250 

7  Kim  W.,  Mungal  M.  G.,  and  Cappelli  M.  A.,  — fifmation  and  Role  of  Cool  Flames  in  Plasma- 
assisted  Premixed  Combustion,”  Appl.  Phys.  Lett.,  vol.  92,  051503,  Feb.  2008. 

8  Leonov  S.  B.,  Yarantsev  D.  A.,  Napartovich  A.  P.,  Kochetov  I.  V.  — Blsma-Assisted 
Combustion  of  Gaseous  Fuel  in  Supersonic  Duct”,  Plasma  Science,  IEEE  Transactions  on 
Plasma  Science,  2006,  Volume:  34,  Issue:  6,  pp.2514-2525. 

9  Leonov  S.  B.,  Carter  C.,  Savelkin  K.  V.,  Sermanov  V.  N.,  and  Yarantsev  D.  A.,  — Expdments 
on  Plasma-Assisted  Combustion  in  M=2  Hot  Test-Bed  PWT-50H,”  46th  AIAA  Aerospace 
Sciences  Meeting  and  Exhibit  (Reno,  Nevada,  USA,  7-10  January  2008),  AIAA-2008-1359. 

10  M.A.  Bolshov,  Y.A.  Kuritsyn,  V.V.  Liger,  V.R.  Mironenko,  S.B.  Leonov,  D.A.  Yarantsev, 
— Masurements  of  the  temperature  and  water  vapor  concentration  in  a  hot  zone  by  tunable 
diode  laser  absorption  spectrometry”,  Appl.  Phys.  B,  vol.  100,  2010,  p.  397. 

11  I.V.  Adamovich,  I.  Choi,  N.  Jiang,  J.-H  Kim,  S.  Keshav,  W.R.  Lempert,  E.  Mintusov,  M. 
Nishihara,  M.  Samimy,  and  M.  Uddi,  — Pisma  Assisted  Ignition  and  High-Speed  Flow  Control: 
Non-Thermal  and  Thermal  Effects”,  Plasma  Sources  Science  and  Technology,  vol.  18,  2009,  p. 
034018 

12  C.D.  Lindstrom,  K.R.  Jackson,  S.  Williams,  R.  Givens,  W.F.  Bailey,  C.J.  Tam,  W.F.  Terry, 
AIAA  Journal  47,  2368  (2009). 

13  S.T.  Sanders,  J.A.  Baldwin,  T.P.  Jenkins,  D.S.  Baer,  R.K.  Hanson,  Proc.  Combust.  Inst.  28, 
587  (2000). 

14  A.  Rousseau,  E.  Teboul,  N.  Sadeghi,  Plasma  Sources  Science  &  Technology  13,  166  (2004). 

15'  Leonov  S.  B.,  Sabelnikov  V.A.,  Yarantsev  D.  A.,  Napartovich  A.  P.,  Kochetov  I.  V.  -Plasma- 
Induced  Ethylene  Ignition  and  Flameholding  in  Confined  Supersonic  Air  Flow  at  Low 
Temperatures”,  Plasma  Science,  IEEE  Transactions  on  Plasma  Science,  2011,  February, 
accepted  for  publishing. 


Project  #  3057p 


Final  Project  Technical  Report 


Page  34  / 148 


3.  Background. 

3.1.  Plasma  assistance  for  high-speed  combustion. 

The  properties  of  electrical  discharges  strongly  depend  on  the  conditions  of  excitation,  flow 
parameters  and  characteristics  of  supplying  electromagnetic  power.  The  mechanisms  of  the 
plasma  of  electrical  discharges  influence  on  chemical  processes  in  high-speed  flow  may  be 
considered  as  follows:  fast  local  heating  of  the  medium;  active  radicals  and  particles 
deposition;  shock  waves  generation;  photo-dissociation  and  ionization;  and  mixing  due  to 
vorticity  and  turbulence  [1-5]. 

Local  heating  of  the  medium  leads  to  intensification  of  the  chemical  reactions  in  these  areas 
and  modification  of  flow  structure  by  means  of  controlled  energy  deposition.  At  a  sufficiently 
large  input  power,  the  artificial  separation  of  the  flow  near  wall  can  be  realized.  This  results  in 
an  increase  in  local  residence  time  and  provides  a  zone  of  local  combustion  and  the  real 
mechanism  of  the  mixing  intensification  as  well.  Deposition  of  active  radicals  occurs  due  to 
molecular  dissociation  and  excitation  by  electrons  within  the  electric  field  and  by  more 
complex  processes.  If  the  chain  chemical  reactions  are  realized,  the  deposition  of  active 
particles  may  lead  to  large  (synergetic)  benefit  in  reactions1  rate  as  well  as  in  the  required 
amplitude  of  power  deposition.  Furthermore,  generation  of  local  shocks  promotes  the  mixing 
processes  in  a  heterogeneous  medium  and  initiates  chemical  reactions  due  to  the  heating  and 
pressure  rise  in  shock‘s  front  zone.  The  diagram  in  Fig. 3. 1.1  illustrates  the  idea  and  the 
contents  of  Plasma -Assisted  Combustion  domain  in  the  most  simplified  form. 


Fig. 3. 1.1.  Diagram  of  PAC  contents. 


Last  decade  several  experimental  and  analytical  works  have  been  published  on  the  subject 
of  plasma-assisted  combustion.  The  main  objective  of  those  works  is  to  expand  the  operational 
field  of  scramjet  to  off-design  values  of  Mach  number  at  fixed  geometry  of  gasdynamic  duct.  A  brief 
review  of  selected  works  follows. 

The  papers  [6-7]  present  nonequilibrium  RF  plasma  assisted  combustion  experiments  in 
CO-air,  ethylene-air,  and  methane-air  flows  using  FTIR  absorption  spectroscopy  and  visible 
emission  spectroscopy.  Results  of  combustion  completeness  and  emission  spectroscopy 
measurements  suggest  that  O  and  H  atoms,  as  well  as  OH  radicals  are  among  the  key  species 
participating  in  plasma  chemical  fuel  oxidation  reactions.  Consistent  with  their  previous 
measurements,  the  results  show  the  highest  fuel  oxidation  efficiency  in  lean  air-fuel  mixtures, 
as  well  as  significant  fuel  conversion  at  the  conditions  when  there  is  no  flame  in  the  test 
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section.  In  the  latter  case,  fuel  species  oxidation  occurs  in  plasma  chemical  reactions,  which  are 
not  related  to  combustion. 

In  the  works  [8-10]  the  numerical  simulations  of  hydrogen-air  ignition  by  a  nonequilibrium 
gas  discharge  in  supersonic  flow  was  considered.  The  model  of  the  discharge  within  a 
chemically-active  mixture  was  developed  at  the  first  time.  The  combustion  acceleration 
effectiveness  strongly  depends  on  the  initial  temperature  and  energy  release.  With  static 
temperature  of  700K,  Mach  number  M-2.5,  atmospheric  pressure,  and  power  release  about 
200J/1,  the  induction  time  is  3.4  times  shorter  than  with  thermal  initiation.  That  calculation  was 
done  for  the  conditions  of  the  actual  experiment,  described  in  [11].  Hydrogen  and  ethylene 
were  the  employed  fuels. 

C,H4:0,:N2=1:3:12  T=700K,  P=1Bar,  M=2 


Fig.3.1.2.  Results  of  plasma-chemical  simulation.  Ignition  length  vs  power  deposition  by 
discharge  or  equivalent  amount  of  thermal  energy. 

With  respect  to  technical  simplicity,  combined  with  low  sensitivity  to  gas  composition,  one 
of  the  discharges  was  chosen  for  modeling,  namely  the  transverse  glow  discharge  in  high-speed 
airflow  [12-13],  which  can  be  considered  as  a  straightforward  extension  of  the  conventional 
low-pressure  glow  discharge  to  the  regime  of  high  atmospheric  pressure.  Specific  electrode 
construction,  in  combination  with  appropriate  gas  flow  and  distributed  ballast  resistors, 
stabilize  this  discharge  for  many  gas  mixtures.  The  measured  efficiency  for  energy  deposition 
into  the  gas  is  not  less  than  90%.  A  numerical  model  was  developed  combining  traditional 
approach  of  thermal  combustion  chemistry  with  advanced  description  of  the  plasma  kinetics 
based  on  solution  of  the  electron  Boltzmann  equation.  This  approach  allows  us  to  describe  self- 
consistently  a  strongly  nonequilibrium  electric  discharge  in  a  chemically  reacting  gas.  Our 
model  includes  an  electron  Boltzmann  equation  solver  calculated  in  parallel  with  the  kinetic 
equations  for  charged  particles,  excited  molecular  states,  ion-molecule  reactions  and  chemical 
reactions.  The  effectiveness  of  chemically  active  species,  produced  in  a  steady  state  glow 
discharge,  on  ignition  delay  time  was  studied  for  mixtures  of  hydrogen  and  ethylene  with  dry 
air  (see  Fig.3.1.2),  while  the  effectiveness  of  pulse-periodic  discharge  in  shortening  ignition 
time  was  explored  for  a  hydrogen-air  stoichiometric  mixture  only.  Here,  it  was  found  that  the 
pulse  discharge  is  indeed  more  effective  (shorter  ignition  time  at  the  same  energy  input),  but 
the  effect  is  comparatively  weak  (about  20%  difference  in  required  energy  input). 

Numerous  publications  were  issued  by  the  NEQ-Lab  MIPT  group,  [4,  14-17]  and  many 
newer,  where  an  in-depth  analysis  of  plasma-chemical  kinetics  under  the  plasma  assistance  was 
described.  It  was  found  that  nonequilibrium,  nanosecond-pulse  discharge  can  affect  the  flame 
blow-off  velocity  significantly  due  to  the  formation  of  active  radicals.  This  occurs  with  an 
energy  input  that  is  negligible  in  comparison  with  bumer‘s  chemical  power. 


Project  #  3057p 


Final  Project  Technical  Report 


Page  36  / 148 


The  successful  efforts  are  being  performed  for  plasma-assisted  combustion  with  colleagues 
at  the  Air  Force  Research  Laboratory,  AFRL.  Recent  publications  [18-21]  are  devoted  to 
development  of  a  plasma  igniter  for  use  in  high-speed  and  high-altitude  air  vehicles.  Such  an 
igniter  produces  a  rich  pool  of  radicals  that  would  drive  pre-ignition  chemistry  leading  to 
ignition.  The  ignition  concept  demands  nonequilibrium  plasma  characterized  by  a  high  degree 
of  feed-gas  dissociation  and  little  direct  heating  of  the  gas. 

The  group  of  -Applied  Plasma  Technology”  announced  some  devices  for  fuel  ignition  and 
flame  stabilization  [22].  The  results  indicated  significant  advantages  of  the  selected 
nonequilibrium  plasma  generator  in  comparison  with  the  thermal  plasma  sources. 

An  experimental  effort — focused  on  a  comparative  test  of  different  plasma  sources  by  the 
criteria  of  ignition  efficiency  in  high-speed  flow — is  being  carried  out  by  joint  Russian  team 
from  MSU,  CIAM  and  IGP  [23-24], 


1300  K 
25  kPa 


Cathode  Anode 


Fig.3.1.3.  Schlieren  images  overlapped  with  the  OFI  PLIF  images:  (a)  Without  and  (b)  with  the 
pulsed  discharge.  Supersonic  combustion  of  H2  in  pure  oxygen  freestream  (Ma  =  1. 7-2.4,  Tstatic 

=  900-1300  K,  Pstatic  =  16-25  kPa).  From  [25]. 

A  large  series  of  experimental  and  computational  works  was  perfonned  by  group  of 
Mungal-Cappelli  of  Stanford  University  for  non-premixed  fuel-air  and  fuel-oxygen  ignition 
[25-28],  see  Fig.3.1.3.  These  works  are  accented  on  mechanism  of  fuel  conversion  in  plasma 
and  -eool”  flame  features. 

The  ONERA  efforts  are  arrowed  on  premixed  flame  enhancement  by  non-equilibrium 
plasma  [29-31]. 

The  experiments  on  non-premixed  fuel  ignition  in  high-speed  flow  by  means  co-called 
plasma  torches  were  perfonned  by  groups  from  Tohoku  University  and  Virginia  Tech 
University  [32-33],  see  Fig. 3. 1.4.  These  experiments  demonstrate  at  the  first  time  that  the 
plasma  can  play  role  of  flameholder  being  arranged  on  plane  wall  of  the  combustor. 


Fig.3.1.4.  Fuel  jet  ignition  by  the  plasma  torch. 


Several  groups  have  demonstrated  ignition  of  premixed  air-fuel  composition  and  flame 
acceleration  by  non-equilibrium  discharges  (see  for  example  refs.  34-36).  As  a  rule  in  those 
works  the  conditions  are  rather  far  from  practical  schemes  of  high-speed  combustion.  Some 
successful  tests  were  performed  in  high-speed  flow  as  well  [37-39]. 

In  the  most  practical  schemes  of  supersonic  combustion,  the  static  gas  temperature  is  too 
low  to  provide  a  short  induction  time  and  sufficiently  high  rate  of  reactions.  The  limitations 
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become  stronger  if  a  fuel  is  not  premixed  with  oxidizer.  An  increase  of  gas  temperature  can  be 
achieved  by  partial  stagnation  of  the  flow  or  by  a  heat  addition.  In  the  first  case  an  advantage 
of  supersonic  combustion  is  lost.  In  the  second  case  too  much  extra  energy  may  be  required  to 
be  practical.  In  both  cases  an  efficiency  of  the  thermodynamic  cycle  drops  and  more  refractory 
materials  must  be  utilized.  It  is  clear,  however,  that  plasma  of  electrical  discharge  is  able  to 
ignite  fuel-oxidizer  mixtures.  The  problem  is  to  acquire  the  effect  at  low  levels  of  average 
power  deposition.  For  this  reason  the  nonequilibrium,  unsteady,  and  nonuniform  modes  of 
discharge  operation  are  under  analyses  (3— non”  approach). 

In  particular,  plasma  generation  in  the  flow  results  not  only  in  heat  and  active  media 
production,  but  also  in  the  modification  of  supersonic  flow  structure,  including  artificial 
separation,  vorticity,  etc.  The  plasma  and  the  recirculation  zone  are  interdependent,  which 
leads  to  a  self-adjustment  loop:  the  plasma  modifies  the  chemistry,  which  in  turn  modifies  the 
heat  release,  which  in  turn  modifies  the  recirculation  zone  location,  which  in  turn  modifies  the 
plasma  parameters,  and  so  on.  This  feedback  is  an  important  feature  of  active  flame  control  by 
electrical  discharges.  In  case  of  hydrocarbon  fuel  under  low  temperature  conditions,  the 
process  of  flame  stabilization  by  non-equilibrium  plasma  occurs  in  two  phases.  In  the  first 
phase  the  plasma  induces  fuel  refonning,  which  results  in  first  approximation  in  H2  and  CO 
production.  In  spite  of  its  bright  luminescence,  this  zone  is  not  associated  with  significant 
temperature  elevation  and  pressure  increase.  This  so-called  -eool  flame”  appears  as  a  source  of 
active  chemical  species,  which  initiates  (under  favorable  conditions)  the  second  phase  of 
-normal”  flame  characterized  by  temperature  and  pressure  rise. 

The  principle  of  the  method  of  supersonic  flameholding  and  combustion  control  by  plasma 
of  electrical  discharge  was  described  earlier;  it  consists  in  the  following  items: 

•  instead  of  fixed  separation  zones  based  on  mechanical  elements  (wallstep,  cavity, 
pylon,  strut,  etc.)  the  area  of  local  separation  is  being  created  by  near-surface  electrical 
discharge  plus  fuel  jets  based  on  flush-mounted  electrodes  and  orifices; 

•  the  plasma  generator  and  fuel  injector  are  gathered  under  one  single  unit  utilized  for 
fuel  ignition,  flameholding,  and  combustion  control; 

•  the  location  of  this  unit  along  the  duct,  its  activation  and  switching  off,  as  well  as  the 
magnitude  of  input  parameters  are  chosen  based  on  maximal  engine  efficiency  and 
controlled  by  active  feedbacks. 

Prospectively  the  use  of  this  method  might  lead  to  a  reduction  of  total  pressure  losses  under 
non-optimal  conditions,  an  enhancement  of  operation  stability  and,  consequently,  to  the 
extension  of  the  air-breathing  corridor  of  scramjet  operability, 

Last  time  many  international  meetings  include  the  plasma-assisted  combustion  sessions  to 
their  schedule.  The  number  of  publications  grows  quickly.  At  the  same  time  it  is  clear  that 
some  important  events/features  have  not  been  studied  in  frames  of  those  works  and  extra 
efforts  are  needed  to  be  done  in  this  field. 
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3.2.  Discharges  for  Plasma-Assisted  Combustion. 

Typical  conditions  for  discharge  maintenance  in  aerospace  science:  pressure  P=0.1- 
lBar,  velocity  of  the  flow  V=100-1000  m/s.  Characteristic  temperature  of  gas  varies  from 
T=200K  (ambient  conditions)  to  T<2  kK  for  combustion  chamber.  As  a  rule,  at  such  conditions 
the  plasma  of  electric  discharges  appears  in  filamentary  fonn  due  to  instabilities  mostly 
associated  with  the  mechanism  of  electrical  field  enhancement  in  a  vicinity  of  heated  plasma 
channel.  At  present,  there  are  no  reliable  universal  rules  for  appearance  of  any  electric 
discharges  at  high  temperature.  Under  high  pressure  and  high-speed  flow  the  most  types  of 
discharges  are  nonuniform  and  nonequilibrium.  The  high-pressure  glow  discharge  [12-13, 
previous  section]  is  rather  homogeneous  one;  and  high-current  longitudinal  arc  produces  the 
equilibrium  plasma.  A  strong  non-unifonnity  of  the  plasma  inflow  renders  a  chance  for 
significant  decrease  of  required  electrical  power  for  predefined  effect.  This  idea  is  in  local 
multi-points  influence  with  sequential  expansion  of  flame  fronts. 

Some  data  for  different  types  of  discharges  and  their  merits/drawbacks  in  plasma 
assistance  for  combustion  are  shown  in  table  below.  Here  a  large  domain  of  non-selfsustained 
and  combined  type  of  electric  discharges  is  not  included.  These  data  are  averaged  and  should 
be  considered  as  quite  evaluative. 


Discharge  type 

Typ.  power 

U  j  99 

99 

Longitudinal 

arc 

1-100  kW 
continuous 

High  temperature 

Location  in  boundary  layer, 
electrodes  erosion,  low 
efficiency. 

Transverse  DC 

1-100  kW 

Mixing,  high  temperature 

Electrodes  erosion,  low 
efficiency,  low  volume  of 
treatment. 

Arc  in 

separation  zone 

1-100  kW 

Mixing,  high  temperature, 
auto-adjustment 

Location  in  separation  zone. 

HF  filamentary 

1-10  kW 

High  speed  of  penetration, 
mixing,  single-electrode. 

Low  input  power,  unpredictable 
position. 

HF  and  MW 
torch 

1-10  kW 

Single-electrode  or 
electrodeless 

Very  sensitive  to  flow 

MW 

filamentary 

0.1- 

lOJ/pulse 

Electrodeless,  high 
efficiency  in  radicals 
generation. 

Complex  equipment,  large 
breakdown  threshold  at  high 
pressure. 

Laser  spark 

Wide  range 

High  density  of  energy 
deposition. 

Small  volume  of  interaction, 
low  efficiency  of  lasers. 

High-pressure 

glow 

1-100  kW, 
continuous 

Large  volume,  effective  in 
radicals  generation. 

High  level  of  required  power, 
multi-electrode  system  is 
required. 

Nanosecond 

pulse 

0.01-1 

J/pulse 

Effective  in  radicals 
generation,  high-speed  of 

Low-pressure  application  for 
homogeneous  appearance. 
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discharge 

penetration. 

Short-pulse 

transverse 

spark 

1-100 

J/pulse 

High  density  of  energy 
deposition,  effective 
mixing. 

Multi-electrode  system  is 
required. 

Barrier/Corona 

1  W/crrT 

Effective  in  radicals 
generation. 

Location  in  near-surface  layer, 
low  density  of  energy 
deposition. 

The  complete  management  of  the  combustion  process  under  any  conditions  requires  a 
large  level  of  additional  energy  deposition  (in  a  range  of  the  flow  enthalpy)  that  is  out  of 
practical  interest.  The  idea  is  not  related  to  strong  effect  of  energy  release  but  to  gentle  control 
of  chemical  reactions  rate  and  local  multi-ignition.  The  second  direction  is  to  give  the  gear  to 
force  combustor  to  work  under  off-design  conditions.  It  may  be  a  temporal  mode  when  the 
level  of  required  electric  energy  is  not  vitally  important.  Unfortunately,  specific  infonnation 
available  now  is  not  quite  sufficient  for  proper  choice  of  the  discharge  type.  Our  understanding 
is  that  there  is  no  versatile  solution  to  a  design  and  method  of  application  of  plasma  for 
combustion.  Each  specific  situation  has  to  be  considered  separately.  But  it  seems  clear  that  the 
nonequilibrium  and  nonunifonn  operation  modes  are  preferable.  Our  understanding  also  is  that 
plasma  has  to  be  generated  -4n  situ”  just  in  the  location  of  fuel-oxidizer  interaction  but  not  by 
external  device. 
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3.3.  Short  review  of  DLAS-related  publications. 

A  variety  of  optical  diagnostic  techniques  are  used  for  plasma  characterization  -  optical 
emission  spectrometry  (OES)  [1-3],  Thomson  scattering  (TS)  [4-6],  coherent  anti-stocks 
Raman  scattering  (CARS)  [7-9],  Doppler  line  broadening  [10,  11],  etc.  These  techniques, 
providing  valuable  data  for  specific  types  of  plasma  and  specific  range  of  plasma  parameters, 
have  some  limitations.  The  OES  needs  instruments  with  high  spectral  resolution  to  obtain  well- 
resolved  spectra  of  the  molecular  bands.  Thomson  scattering  gives  the  electron  temperature 
and  concentration,  which  does  not  coincide  with  gas  temperature  in  non-thermodynamic 
equilibrium  (non-TDE)  conditions.  Besides,  it  works  well  for  hot  plasma  with  high  electron 
number  density.  Doppler  broadening  technique  works  well  in  case  of  relatively  low  plasma 
density,  when  the  collision  broadening  does  not  contribute  much  in  the  Voigt  profile  of  a 
spectral  line.  CARS  technique  provides  temperature  measurements  for  the  broad  variety  of 
temperature  (up  to  3000K)  and  pressure  (above  1  MPa)  and  successfully  used  for  the 
diagnostic  of  different  hot  zones  [9],  but  the  technique  needs  very  sophisticated  and  expensive 
laser  instrumentation. 

Diode  laser  (DL)  absorption  spectroscopy  (DLAS)  is  also  one  of  the  widely  used 
spectroscopic  techniques  for  detection  of  the  parameters  of  the  hot  zones  [12-18].  This 
technique  provides  remote,  non-perturbing  measurements  of  the  parameters  of  a  hot  zone  with 
time  resolution  in  the  ps-ms  range  depending  on  the  specific  experimental  conditions.  DLAS 
possesses  many  attractive  features  as  the  diagnostic  technique.  The  spatial  coherence  of  DLs 
enables  to  deliver  a  narrow  laser  beam  to  a  probing  zone  without  noticeable  divergence,  which 
makes  it  possible  remote  sensing.  In  contrast  to  any  version  of  optical  emission-fluorescence 
technique,  DLAS  does  not  need  a  large  solid  angle  of  light  collection  -  all  information,  which 
can  be  deduced  from  absorption  signal,  is  frozen”  in  a  narrow  laser  beam  of  low  divergence. 
Therefore  the  thermal  emission  of  an  investigated  hot  zone  and  laser  stray  light  can  be  easily 
eliminated  by  a  set  of  diaphragms  and  lenses.  As  a  consequence,  the  hottest  and  most  dense 
zones  of  an  object  can  be  probed  by  DLAS. 

If  TDE  is  established  the  ratio  of  the  intensities  of  the  absorption  lines  with  different 
energies  of  low  levels  depends  only  on  the  temperature  of  an  object.  Different  versions  of 
DLAS  can  be  used.  One  can  measure  the  ratio  of  the  amplitudes  of  different  absorption  lines 
using  different  DLs  tuned  to  the  selected  lines.  This  approach  provides  higher  temporal 
resolution  but  is  less  accurate  [19,  20].  More  accurate  is  the  measurement  of  the  ratio  of 
integral  line  intensities.  It  can  be  done  by  rapid  scanning  of  a  single  DL  over  a  spectral  range 
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with  the  selected  lines.  This  approach  enables  better  extrapolation  of  the  baseline  and,  thus, 
higher  accuracy,  but  on  the  price  of  temporal  resolution  [21].  The  latter  version  was  used  in  our 
experiments. 

The  technically  easiest  and  straightforward  version  of  DLAS  is  the  detection  of  direct 
absorption.  It  works  well  in  case  of  high  signal-to-noise  ratio  (SNR),  when  the  variations  of  the 
baseline  cause  no  serious  problems  for  evaluation  of  actual  line  intensity.  For  weak  lines  the 
well-developed  wavelength  modulation  (WM)  technique  can  be  applied  for  reducing  low- 
frequency  noise  (flicker  noise)  in  the  baseline  and  correcting  for  nonspecific  absorption  [22— 
26], 

For  remote  sensing  of  the  objects  with  the  gas  temperatures  below  1500-2000  K 
absorption  spectroscopy  in  near  infrared  spectral  range  provides  higher  sensitivity  over  OES 
just  because  of  the  higher  population  of  the  low  energy  level  of  a  vibration-rotational  transition 
used  for  diagnostic.  For  example,  if  the  temperature  of  an  object  is  about  1000  K  (700  cm"1), 
Boltzmann  factor  for  the  populations  of  upper  and  lower  levels  of  a  transition  around  7000  cm' 
1  ( — 1 .39  pm)  is  exp  (-10)  «  4xl0'5.  Thus,  the  DLAS  technique  is  the  best  choice  for  the  sensing 
of  the  post-combustion  zone,  where  the  temperature  is  of  the  order  of  1200  K. 

The  parameters  of  the  probed  medium  are  obtained  as  a  result  of  experimental  spectra 
fitting.  The  efficiency  of  a  particular  fitting  mode  strongly  depends  on  the  parameters  of  the 
experimental  spectra,  especially  on  the  signal-to-noise  ratio.  It  means  that  fitting  strategy  has  to 
be  optimized  for  the  specific  experimental  conditions.  The  problem  of  optimal  fitting  is 
especially  serious  if  the  baseline  is  irregular. 
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4.  Task  1.  Technical  Results 

4.1.  Experimental  facility  description  and  updates. 


The  experimental  facility  contains  the  following  main  parts: 

>  Supersonic  gasdynamic  facility  PWT-50/PWT-50H; 

>  Plasma  generator  and  power  supply; 

>  Measuring  and  data  acquisition  system. 

>  Control  and  synchronization  system. 

General  layout  of  the  experimental  facility  PWT-50H  and  arrangement  are  presented  in 
Fig. 4. 1.1. 
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Fig. 4. 1.1.  Layout  of  the  PWT-50/H  arrangement. 


Table  4.1.1.  Technical  parameters  of  the  facility  PWT-50H. 


PWT-50, 

20.05.06 

PWT-50H, 

20.08.08 

PWT-50HL 

01.10.10 

Test  section  cross-dimensions,  mm 

60*72 

60*72 

60*72 

Mach  Number 

0. 1-0.9; 2 

2 

2,2.5 

Maximal  stagnation  pressure,  Bar 

1.0 

1.8 

2.5 

Stagnation  temperature,  K 

300 

300-670 

300-750 

Maximal  air  mass  flow  rate,  kg/s 

<1.0 

0. 5-1.0 

0. 5-1.0 

Maximal  fuel  mass  flow  rate,  g/s 

<5 

0.1-8 

0.1-8 

Operation  time,  s 

<1 

0.3-0. 5 

1.5 

Steady  stage  duration,  s 

0.2-0. 5 

0.15 

0.8 

Typical  power  of  heater,  kW 

- 

700 

700 

Maximal  thermal  power  at  fuel 
combustion,  kW 

300 

1000 

1000 

Maximal  power  of  discharge,  kW 

10 

20 

30 

Runs  per  8  hours,  range 

10-80 

10-30 

10-30 

Lifetime,  runs  between  services 

500 

100 

200 
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The  experiments  were  conducted  in  a  short-duration  blowdown  wind  tunnel  PWT-50H 
with  a  closed  test  section  YxZ=72x60mm  at  Mach  number  of  nozzle  M=2.0  and  2.5  and 
stagnation  pressure  Po<2.5Bar.  The  experimental  test  bed  PWT-50H  provides  the  following 
characteristics  of  the  flow  in  test  section:  the  Mach  number  is  M=  1.9  and  2.35,  the  static 
pressure  is  /y=100-300  Torr,  the  Reynolds  number  Ae=(4-M0)xl06xZ,  the  boundary  layer 
thickness  in  the  testing  zone  is  (5=0. 3-0. 8  mm,  typical  gas  flow  rate  through  the  channel  is 
G=0.6-0.9kg/s,  the  duration  of  quasi-stationary  phase  is  0.2-0. 5  s,  and  the  total  enthalpy  of  the 
flow  is  77-200-900  kW  (depending  on  the  heater  operation).  The  stagnation  temperature  of  the 
air  was  varied  in  range  T0=300-700K.  In  this  experimental  series  the  discharge  parameters 
were  varied:  discharge  current  was  Ip~50-5A,  discharge  power  was  Wp~5-25kW. 

The  technical  parameters  of  facility  PWT-50H  are  shown  in  the  table  4.1.1  below  in  three 
columns:  parameters  of  PWT-50  without  heater,  maximal  parameters  at  the  heater  operation, 
and  the  parameters  after  tanks  volume  increase.  Photo  of  the  PWT-50  is  shown  in  Fig.4.1.2. 


Fig.4.1.2.  Experimental  facility  PWT-50. 


As  a  whole  the  experimental  facility  PWT-50H  was  prepared  during  the  first  year  of  the 
project  and  was  updated  step  by  step  depending  of  specific  experimental  tasks.  A  general 
description  of  the  facility  is  presented  in  Final  Report  dated  March  2009.  In  this  Report  a  short 
version  is  shown,  which  considers  the  changes  made  and  the  most  important  parameters. 

About  45  modifications  were  made  in  frames  of  the  project,  for  example: 
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■  Air  heater  with  power  supply,  air  supply,  and  fuel  supply  were  designed,  manufactured, 
and  tuned; 

■  Chemical  analysis  workstation  was  delivered  and  adjusted; 

■  IR  monitor  was  tested  and  used  in  some  runs; 

■  Laser  absorption  spectroscopic  system  was  designed,  manufactured,  and  adjusted; 

■  Additional  air  supply  pipes  for  the  air  heater  were  installed; 

■  Place  of  the  fuel  injection  was  changed; 

■  Sensor  of  the  heater  operation  was  mounted; 

■  Scheme  of  synchronization  was  modified; 

■  Fuel  injection  system  were  modified  for  simultaneous  gaseous  and  liquid  fuels  usage; 

■  Chemical  station  was  updated;  a  new  system  for  a  gas  sampling  was  mounted; 

■  Heater  operation  mode  was  tuned  to  increase  the  gas  temperature; 

■  Pressure  measurement  system  was  refined; 

■  Scheme  of  optical  and  schlieren  measurements  was  modified; 

■  etc. 

In  5th  year  of  the  project  the  facility  was  rebuilt  to  enhance  its  capabilities.  Following  main 
modifications  were  made: 

•  New  air  compressor  was  installed:  higher  pressure,  higher  air  production,  lower  noise; 

•  Air  dryer  was  installed  between  the  compressor  and  air  tanks; 

•  Air  tanks  were  increased:  V=2m  instead  V=0.5m  ; 

•  Extra  vacuum  tanks  were  connected  to  the  main  one,  increasing  the  volume  to 
V=  1.17m3; 

•  New  nozzle  for  Mach  number  M=2.5  was  manufactured  and  tested; 

•  New  optical  windows  were  installed  with  some  inclination  to  avoid  light  interference. 
Resulting  parameters  were  significantly  improved  as  it  is  shown  in  Table  4.1.1  last  column. 

Gas-Dynamic  duct’s  geometry  and  parameters.  General  drawing  of  the  gasdynamic  duct  is 
presented  in  Fig.4.1.3.  All  parts  are  made  of  high-temperature  refractory  materials.  The  nozzle 
was  manufactured  of  Al-Si  alloy.  The  cooling  of  it  is  fulfilled  by  high  thennal  conductivity  to 
thick  walls.  Three  main  requirements  have  to  be  taking  account  at  the  choice  of  material  for  a 
test  section:  refractivity,  non-conductivity,  and  ability  for  machinery. 
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Fig.4.1.3.  Gasdynamic  duct  of  experimental  facility  PWT-50H.  General  layout,  main 
parameters  distribution,  and  elements  conjunction. 


As  a  basic  material  the  ceramics  was  chosen  on  the  base  of  boron-nitride  and  silicon  oxide 
composition.  This  material  possesses  excellent  thermal  shock  resistance,  conductivity,  and 
dielectric  constant.  It  can  be  machined  using  standard  high  speed  -tool  steel”  equipment. 
Machining  by  grinding  may  be  used  if  preferred  or  stringent  tolerances  are  required.  Main 
characteristics: 


Dielectric  Strength: 

Hardness-Knoop 

Resistivity 

Loss  Tangent  @8.8  GHz 
Dielectric  Constant  @  RT 
Thermal  Conductivity  @  25 °C 
Open  Porosity: 


1700V/mil 
13.5-19kg/mm2 
>10 14  Ohm-cm 
<0.0015 
4.30 

27-30  W/m/K 
<3%. 
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Transition 

ring 

Fig.4.1.4.  Draft  scheme  of  the  gasdynamic  duct. 

The  system  of  air  feeding  consists  of  two  tanks  of  pumped  air  with  the  pressure  control.  The 
tanks  are  connected  with  the  facility4 s  forechamber  by  four  lines,  which  are  equipped  by  EM- 
controlled  valves.  Each  valve  is  guided  by  electronic  driver  individually.  As  the  result  the  air 
feeding  is  occurred  with  a  regulation  of  mass  flow-rate  during  the  short  operation  time.  The 
insulator  provides  electrical  and  acoustical  insulation  of  the  test  section  from  the  gas  feeding 
system.  Transition  section  transforms  a  circular  cross-section  to  a  rectangular  one  at  the 
condition  of  constant  square  area.  A  controlled  diffuser  is  applied  between  TS  and  vacuum 
tank.  The  regulation  is  implemented  by  profiled  ring  at  the  diffuser  output.  Vacuum  tank  has 
volume  about  1.1m  and  equipped  with  automatic  overload  valve. 

Tests’  Control.  Test  sequence  includes  three  phases:  preparation  of  the  installation,  run  itself 
and  data  processing.  In  the  most  cases  not  all  systems  are  utilized  in  the  test.  It  depends  on  the 
specific  tasks.  The  data  processing  occurs,  as  a  rule,  after  the  series  of  runs  during  several 
hours  or  more. 
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Fig.4.1.5.  Typical  time  diagram  of  the  test. 

A  time  sequence  of  the  typical  test  is  shown  in  Fig.4.1.5  schematically.  Time  duration  of  the 
discharge  operation  and  the  fuel  injection  can  be  modified  as  well  as  the  mutual  time  position. 

Initially  the  test  section  had  a  rectangular  cross-section  with  dimensions  72*72mm.  A 
backwise  wallstep,  wall  cavity,  and  duct  expansion  are  constructed  by  one  or  two  wall-attached 
insertions  with  a  thickness  12mm.  Vertical  walls  have  circular  windows  three  on  each  side, 
which  are  made  from  a  quartz  glass.  Test  section  has  length  about  500mm  and  manufactured 
from  dielectric  material.  Three  variants  of  the  test  section  arrangement  are  presented  in 
Fig. 4. 1.6.  These  variants  were  used  last  two  years.  The  fuel  was  injected  through  5  circular 
(d=3,5mm)  orifices  all  in  a  row  across  the  span  and  inclined  at  25  degrees  from  the  nonnal  in 
the  upstream  direction.  The  row  of  injectors  is  15  mm  downstream  from  the  row  of  electrodes, 
just  downstream  of  the  ceramic  block;  each  injector  is  inline  with  an  electrode  in  the 
configuration  that  includes  5  electrodes.  The  fuel  mass  flow  rate  was  balanced  between  the 
orifices  using  a  fuel  plenum.  Fuel  injection  was  started  prior  to  the  discharge  initiation  and  was 
switched  off  after  completion  of  the  discharge.  Typically,  the  fuel  injection  continued  10-20  ms 
after  the  discharge  to  observe  whether  the  flame  was  held  or  extinguished. 


Scheme  1  Scheme  2  Scheme  3 


Fig.4.1.6.  Test  section  arrangements. 
The  parameters  of  the  test  section  can  be  summarized  as  following: 

Width  of  the  duct  72mm; 
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Height  of  the  duct  upstream  wall-step 
Depth  of  the  wall  inclination  (expansion) 
Distance  from  electrodes  to  diffuser 
Diameter  of  the  optic  window 
Material  of  walls 
Material  of  insertions 
Material  of  optic  window 
Material  of  binder 


60mm; 

12mm; 

450/300mm; 

120mm; 

Nylon-6,6; 

BN/Si02; 

quartz; 

Nylon  6.6  and  Al/Mn/Si  alloy. 


Flow  M=2 


Filamentary 
transversal  discharge 


Dielectric 

wall  Ceramic  ▼  '  Fuel  feeding 

insertion  Anodes  \ 

Cathodes 

Fig. 4. 1.7.  Basic  scheme  of  electrodes  arrangement 


The  Fig.4.1.7  presents  a  scheme  of  electrodes4  arrangement  in  case  of  geometric 
configuration  with  plane  wall.  It  consists  of  insertion  made  of  refractory  insulating  material.  It 
is  flush  mounted  as  well  as  electrodes  themselves.  The  insertion  has  the  construction  with 
seven  or  eleven  electrodes  arranged  in  one  row.  The  fuel  injectors  are  installed  directly  on  the 
wall  of  the  test  section  as  it  is  shown  in  Fig.4.1.7.  They  contain  a  fuel  capacitor  at  5-6Bar  of 
pressure  and  fast  pulse  valve  with  EM  control.  The  fuel  dose  and  duration  of  the  injection 
depends  on  EM  pulse  duration  and  the  repetition  rate.  Minimal  dose  at  the  single  pulse  is  about 
lmg.  Maximal  mass  flow  rate  is  about  Gf=8g/sec,  typical  value  is  Gf=0.1’  2g/s. 

The  photos  of  the  test  section  (after  multiple  runs)  and  the  arrangement  are  presented  below 
in  Fig.4.1.8.  It  is  related  to  Scheme  3  in  Fig.4.1.6:  discharge  on  top  wall. 
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Fig.4.1.8.  Test  section:  electrodes  and  injectors. 
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4.2.  Measuring  system. 

The  PWT-50H  facility  test  unit  is  furnished  with  a  number  of  instruments;  use  is  made  of 
both  standard  and  original  methods  of  measurement  and  diagnostics  of  the  gas  and  plasma 
conditions.  Honeywell™  pressure  transducers  are  used  to  monitor  the  mode.  Time  resolution  of 
the  transducers  is  not  worse  than  0.1  ms.  Static  pressure  is  measured  in  several  points  on  the 
wall  along  the  channel.  The  total  pressure  transducers  are  connected  with  Pitot  tubes  that  can 
be  moved  across  the  channel.  Placed  in  the  test  section  of  the  aerodynamic  channel  is  an 
absolute  pressure  transducer  for  calibration  of  the  system.  The  pressure  profile  is  measured 
with  the  aid  of  an  electronic  commutator  of  pressure  transducers  for  32  measurement  channels, 
connected  to  PC  through  PCMCI  interface.  The  characteristic  time  of  measurement  is  not 
worse  than  0.3  ms  for  each  channel. 

An  original  shadow  (schlieren)  device  is  used  to  record  the  flow  structure  with  a  possibility 
of  high  space-  and  time-  resolution  of  images.  The  IR  laser  diode  is  used  as  a  light  source.  The 
images  and  shadowgraphs  are  recorded  by  a  fast  digital  video  camera  Basler-A504K  at 
immediate  processor  control.  Use  was  made  of  standard  and  original  electric  current  and 
voltage  sensors,  including  a  symmetrical  divider,  current  shunts,  filters  with  recording  in 
Tektronix  TDS-210  and  HP-5062  digital  oscilloscopes.  The  oscilloscopes  are  connected  to  a 
data  acquisition  system  via  the  GPIB  serial  interface.  The  data  are  acquired  by  the  system 
based  on  National  Instruments™  hardware.  The  basic  software  was  developed  in  the 
LabView©  programming  language.  The  synchronization  system  was  built  on  the  base  of  pulse 
generators  and  optical  lines  of  data  transmission  to  avoid  electromagnetic  noise. 

The  pressure  transducers  locations  are  shown  schematically  in  Fig.4.2.1  for  the  scheme  #3. 
Actually,  the  number  and  position  of  pressure  tabs  can  be  varied  from  test  to  test  depending  of 
specific  task  of  particular  test. 


Pst2  Pst70  pst80  |Pst105 

Pst9Ci —  Pst175  Pst255 


Fig.4.2. 1 .  Layout  of  the  test  geometry  and  arrangement. 
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The  plasma  parameters  were  measured  by  optical  spectroscopy  (see  Final  Report  dated 
March  2009).  The  measurements  of  gas  temperature  and  water  vapors  concentration  by  DLAS 
were  made  based  on  one-pass  scheme,  which  is  shown  in  Fig.4.2.2  for  the  Scheme  #2 
(Fig.4.2.6.). 


Fig.4.2.2.  Draft  scheme  of  DLAS  measurements. 
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4.3.  Experimental  study  of  the  nonequilibrium  discharge  effect  on 
effectiveness  of  plasma-based  flameholding  over  plane  wall. 

4.3.1.  Near  surface  electrical  discharge  operational  modes.  Variation  of  E/n. 

The  electrical  discharge  was  excited  transversally  with  a  scheme  that  included  electrodes 
arranged  across  the  duct  span  in  a  pattern  of  anode-cathode-anode-cathode-anode;  the 
electrodes  are  embedded  in  a  refractory  ceramic  block  that  provides  electrical  insulation.  Two 
models  were  tested:  let  call  them  as  (1)  -^electrodes”,  and  (2)  -4-1  electrodes”. 

The  major  properties  of  the  near-surface  quasi-DC  electrical  discharge  were  described  in 
[1-2].  The  power  supply  possesses  a  steep  falling  voltage-current  characteristic  with  voltage 
amplitude  at  zero-current  (at  initiation)  of  about  5  kV.  A  short  time  after  initiation,  the 
discharge  cover  the  inter-electrodes  gap.  Furthermore,  the  arc  loops  are  seen  to  stretch 
downstream,  following  the  flow.  In  general,  the  loops  will  elongate,  from  a  direct  anode- 
cathode  path,  as  the  conductive  path  is  convected  downstream,  and  the  maximum  length  of  the 
loops  is  governed  by  the  combination  of  maximum  power  supply  voltage  and  inter-electrodes 
gap.  This  maximum  length  of  the  discharge  filament  and  the  gas  velocity  define  the  effective 
frequency  of  the  discharge  oscillations.  In  the  most  cases  this  value  was  F=10-30kHz  under  the 
experimental  conditions.  Power  release  regulation  can  be  realized  by  the  discharge  current 
variation.  But  this  regulation  is  not  linear:  when  the  current  is  increased,  the  voltage  is 
decreased,  but  in  less  factor,  and  as  a  result  the  power  is  increased  in  some  degree.  Such  a 
method  leads  to  some  variation  in  the  reduced  electric  field,  which  may  be  important  for 
understanding  of  some  features  of  interaction.  At  low  current  the  discharge  is  unstable,  while  at 
high  current,  materials  erosion  can  be  significant.  An  increase  of  the  power  requires  the 
reduction  of  the  circuits4  resistivity  that  leads  to  deterioration  of  the  inter-electrodes  current 
auto-regulation. 

In  this  section  the  data  are  presented  for  the  flow  Mach  number  M=2.35  and  static  pressure 
Pst=80Torr.  The  results  for  higher  static  pressure  are  figured  below.  The  attention  is  mainly 
paid  for  the  power  release  and  averaged  electrical  field.  The  operation  modes  include  a  high- 
current  (low  resistivity),  high-voltage  (non-equilibrium),  and  all  intermediate  modes. 
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Fig.4.3. 1.1.  Model  7electrodes.  (a)  high-voltage  mode  -  unstable  operation,  (b)  high-current 
mode  -  plasma  contacts  the  downstream  plate. 

Typical  oscillograms  are  presented  in  Figs. 4. 3. 1.1  and  4.3. 1.2  for  the  7electrodes  model. 
Here  and  below:  gap  voltage  =  Upi  is  the  voltage  between  4th  and  5th  electrodes;  current=Ipi  is 
the  current  through  all  cathodes;  voltage3=U3  is  the  voltage  on  the  downstream  copper 
insertion  at  R3=5000hm;  power  Wav  is  the  averaged  power  deposition  for  time  t=0.02-0.07sec 
of  operation.  The  final  graph  is  shown  in  Fig.4.3. 1.2b 


7  electrodes 

Ra=0.56kOhm 

Rc=0.2kOhm 

- Gap  Voltage 

- Current  (A) 

- Voltage2 

- Voltage3 

Power  (kW) 
Wav=12.46kW 


Time  (sec) 


a. 
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7electrodes 
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— anode  0.56kohm 
— anode  Ikohm 

— anode  2kohm 

0,0  0,5  1,0  1,5  2,0 

Cathode  (kOhm) 


b. 


Fig.4.3.1.2.  Model  7electrodes.  (a)  —Flic  best”  high-power  mode,  (b)  Resulting  data  for 

power  deposition. 
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Fig.4.3.1.3.  Model  1  lelectrodes.  (a)  high-voltage  mode  -  stable  operation,  (b)  high-current 

mode  -  unstable  cathodes  operation. 
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Fig. 4. 3. 1.4.  Model  1 1  electrodes.  Regular  stable  mode. 


The  model  1 1  electrodes  was  designed  taking  into  account  the  previous  negative  experience: 
zone  of  stability  (anode  can‘t  be  located  near  a  lateral  wall),  damages  for  ceramics,  and 
connections  to  the  grounded  parts.  The  same  data  for  the  11  electrodes  model  are  presented  in 
Figs.4.3.1.3-4  and  Figs. 4. 3. 1.5.  This  model  has  demonstrated  the  best  performance  among  the 
others  in  terms  of  the  discharge  stability  (see  also  section  4.3.3).  The  Fig.4.3.1.6  shows  zone  of 
regulation  of  the  discharge  in  this  mode.  It  looked  favorable  for  the  future  test.  The  same  data 
for  Pst=T35Torr  are  presented  in  Fig.4.3.1.6b.  Well  seen  that  the  difference  is  not  large.  The 
discharge  parameters  occur  to  be  very  conservative. 


1 1  electrodes 
M=2.35:Pst=80Ton 
— anode0.27kOhm 
— $f—  anode  0.56kohm 
— 8f—  anode  Ikohm 
— SS—  anode  2kohm 
M=2.35:  Pst=1 35Torr 
-  ♦—  anode0.27kOhm 
— anode  0.56kohm 
— anode  Ikohm 
— anode  2kohm 


T - 1 - T 


0,0  0,5  1.0  1,5  2,0 

Cathode  (kOhm) 


Fig. 4. 3. 1 .5.  Model  1 1  electrodes.  Resulting  data  for  power  deposition. 
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Current  (Ampere) 


a. 


Fig.4.3.1.6.  Model  1  lelectrodes.  (a)  zone  of  discharge  parameters  regulation  Pst=80Torr.  (b) 
zone  of  discharge  parameters  regulation  Pst=135Torr. 


Table  4. 3. 1.1.  Discharge  characteristics  (Pst=80-135Torr). 


R-Anode^-Rc  athode, 

(kQ) 

Number  of 

electrodes 

Power, 

(kW) 

u, 

(V) 

L, 

(mm) 

U/L, 

(V/cm) 

2+0,2 

7 

Pst=80  Torr 

5,6 

956 

38 

125 

1,1+1 

7 

Pst=80  Torr 

6 

1102 

37 

149 

7 

Pst=80  Torr 

8,4 

958 

40 

119 

1,1+0,56 

11 

Pst=80  Torr 

9,3 

650 

23 

142 

11, 

Pst=135 

Torr 

9.85 

680 

21 

162 
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The  values  of  power,  voltage  and  length  of  the  discharge  filament  for  variety  of 
electrodes  configuration  at  some  combinations  of  RAnode+Rcathode  are  presented  in  Table.4.3.1.1. 
Despite  voltage  and  length  of  discharge  filaments  decrease  with  increase  of  number  of 
electrodes  in  the  same  resistance  configuration  the  voltage  per  unit  length  changes  not 
significantly. 

The  following  conclusions  can  be  made  based  on  the  experimental  results  obtained  in  this 
test  series. 

o  Operational  limits  of  stable  discharge  are  wider  for  the  pattern  with  bigger  number  of 
electrodes.  1 1  electrodes  arrangement  demonstrates  satisfactory  characteristics, 
o  To  avoid  the  discharge  breakdown  on  upstream  grounded  parts  through  boundary  layer  the 
electrodes  near  walls  must  be  cathodes. 

o  Too  small  cathode  resistance  in  respect  of  anode  resistance  leads  to  unstable  discharge, 
o  Tested  configuration  allowed  to  obtain  the  range  of  power  deposition  about  Wpr=5-25kW. 
o  The  plasma  loops  are  longer  in  case  of  7  electrode  configuration  on  approximately  75%. 

As  this  will  be  clear  later  (section  4.3.3)  the  last  conclusion  occurs  principally  important  for  the 
fuel  ignition  and  flameholding. 

Reference  to  section  4.3.1. 

1  S.  Leonov,  D.  Yarantsev,  -Near-Surface  Electrical  Discharge  in  Supersonic  Airflow: 
Properties  and  Flow  Control”,  Journal  of  Propulsion  and  Power,  2008,  vol.24,  no. 6, 
pp. 1168-1181,  DOI:  10.2514/1.24585 

2  S.  Leonov,  V.  Soloviev,  D.  Yarantsev,  -High-Speed  Inlet  Customization  by  Surface  Electrical 
Discharge”,  AIAA-2006-0403. 
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4.3.2.  Spectroscopic  observations  of  ignition  dynamics. 

Contrary  to  the  method,  which  was  described  in  previously  issued  Final  Report  dated 
March  2009,  combustion  zone  was  visualized  by  means  of  high  speed  color  CCD  camera 
with  using  of  low-width  band  interference  filters.  The  choice  of  particular  filters  was  defined 
by  the  spectra  analysis.  Figure  4.3.2. 1  shows  the  survey  spectra  of  the  discharge  luminosity 
and  of  the  combustion  zone  (ethylene  injection)  at  the  discharge  presence.  Intensity  scales  are 
different  here.  CN  and  OH  bands  are  visible  at  fuel  injection  and  without  it  due  to  C02  and 
H20  background  traces.  At  the  same  time  the  CH  band  is  well  visible  at  hydrocarbon 
injection  into  discharge  zone  and  in  flame. 
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Fig.4.3.2.1.  Survey  spectra.  Spectral  zone  260  mn  to  460  mn.  (a)  discharge  operation,  (b) 
plasma  assisted  combustion  of  ethylene. 
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Unfiltered  images  of  the  zone  of  discharge-fuel  interaction  are  shown  in  Fig.4.3.2.2. 


Fig.4.3.2.2.  Discharge  appearance  without  fuel  (a)  and  at  the  ethylene  injection  (b)  -  reacting 
gas  luminescence  in  M=2  flow.  Exposure  lOOps. 


Following  filters  have  been  applied: 

U=432  nm  -  CH  (A-X)  band.  The  emission  of  this  band  is  not  overlapped  by  others  and 
this  band  is  specific  one  for  the  discharge  operation  in  hydrocarbons.  Emission  was 
registered  from  the  area  20-90  mm  downstream  the  electrodes.  It  can  be  recognized  easily  in 
the  figure  below  (Fig.4.3.2.3),  that  emission  of  discharged  filaments  becomes  much  higher 
in  this  spectral  region  in  case  of  ethylene  injection.  Moreover,  it  is  seen  that  there  is  low 
intensity  luminosity  downstream  the  discharge  cords.  This  luminosity  is  related  to  the 
combustion.  It  is  the  question  why  the  secondary  growth  of  the  CH  luminosity  was  not 
detected. 


Fig.4.3.2.3.  Discharge  and  zone  of  plasma-assisted  combustion  visualization  in  CH  band,  (a) 
discharge  operation  without  fuel;  (b)  discharge  at  the  ethylene  injection.  Exposure  1ms. 

A,=515  nm  -  C2  Swan  band.  Swan  band  is  typical  both  for  combustion  and  for  the 
discharge  operation  in  ethylene.  Intensity  of  this  band  is  higher  than  CH  band  and  images 
become  more  bright.  It  is  seen  rather  bright  plume  downstream  the  discharge  filaments  that  is 
similar  to  CH  visualization. 

Frame  exposure  affects  the  picture  quality  in  high-speed  flow:  longer  frame  means  less 
detailed  image. 
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Fig.4.3.2.4.  Discharge  and  zone  of  plasma-assisted  combustion  visualization  in  C2  band,  (a) 
discharge  operation  without  fuel;  (b)  discharge  at  the  ethylene  injection.  Exposure  1ms. 


Usually  it  was  mentioned  that  non-equilibrium  plasma  (characterized  by  higher  level  of  E/N) 
occurs  more  effective  in  terms  of  fast  fuel  ignition.  In  our  particular  case  it  should  be 
considered  two  main  factors  of  successful  fuel  ignition  and  flameholding:  (1)  the  discharge 
power;  and  (2)  length  of  the  discharge  filaments  (the  length  reflects  a  time  of  interaction).  All 
other  factors  appeared  as  much  less  important.  Special  experimental  series  shown  a  generation 
of  sequence  of  active  zones  of  reacting  gas  moved  downstream  from  the  place  of  immediate 
plasma-fuel  interaction  that  is  presented  in  this  section.  These  zones  appear  as  hotbeds  of 
consequent  flamefront. 
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4.3.3.  Specific  limitations  for  plasma-based  flameholding  in  case  of  hydrocarbon  fuel. 


Optimization  of  the  discharge  mode.  During  the  last  year  the  experimental  work  has  been 
performed  to  find  out  the  more  optimal  electrodes  geometry.  1 1  electrodes  arrangement  has 
been  tested  and  compared  with  7  electrodes.  The  main  conclusion  was  the  following: 
operational  limits  of  stable  discharge  are  wider  for  the  pattern  with  bigger  number  of 
electrodes.  Then  the  experiments  on  plasma  assisted  combustion  of  hydrogen  were  fulfilled 
and  it  was  shown  that  hydrogen  combustion  intensity  (pressure  magnification)  is  not  less  than 
one  for  the  7  electrodes  configuration.  On  the  contrary,  combustion  intensity  was  negligibly 
low  when  ethylene  was  injected  in  experiments  that  have  been  performed  in  7  electrodes 
configuration.  It  is  clear  that  the  reason  is  the  increasing  of  the  number  of  electrodes  because  it 
was  the  main  changing  of  the  experimental  configuration  in  comparison  with  successful 
ethylene  ignition  obtained  previously.  Additional  series  of  experiments  have  been  fulfilled  last 
time  in  order  to  find  the  difference  between  two  electrodes  configurations  in  terms  of 
hydrocarbon  fuel  combustion  and  to  ignite  the  ethylene. 

The  main  idea  of  this  experimental  series  based  on  dependence  of  discharge  filaments1 
length  on  distance  between  electrodes.  Shorter  distance  causes  the  shorter  length  of  the 
filaments  due  to  lower  value  of  the  breakdown  voltage,  Fig.4.3.3.1.  The  assumption  was  made 
that  the  length  of  the  discharge  filament  is  critically  important  for  the  ignition  and 
flameholding  of  the  ethylene. 

Several  electrodes1  configurations  have  been  tested.  All  of  them  were  based  on  the  1 1 
electrodes  arrangement.  Changing  of  the  configuration  was  made  by  simple  commutation  of 
power  supply. 


Fig.4.3.3.1.  Discharge  filaments  length  depending  on  electrode  gap. 
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1st  configuration  was  an  attempt  to  find  a  compromise  between  stability  of  the 
configuration  with  bigger  number  of  electrodes  and  long  filaments  generation  in  the 
configuration  with  smaller  number  of  electrodes.  Electrode  system  consisted  of  the  following 
electrodes:  lc,  2a,  4c,  6a,  8c,  10a,  lie.  The  electrodes  arrangement  and  photo  of  discharge 
operation  at  the  ethylene  injection  in  supersonic  flow  are  shown  in  Fig.4.3.3.2  at  Re  =  1  kOhm, 
Ra=  0.56  kOhm. 


Fig.4.3.3.2.  1st  electrodes  configuration  and  photo  of  discharge  operation. 


End  filaments  of  the  discharge  were  very  stable  but  three  middle  electrodes  work  rather 
unstable,  usually  only  one  pair  of  the  middle  electrodes  work  at  the  same  time  as  it  is  seen  in 
Fig.4.3.3.2.  Indeed,  the  distance  between  middle  electrodes  occurs  even  longer  than  it  was  for 
the  7  electrodes  configuration  and  such  behaviour  of  the  middle  discharge  loops  looks  quite 
reasonable.  Combustion  of  ethylene  was  observed  for  such  configuration  by  the  schlieren 
visualization  and  by  the  pressure  distribution  measurements  but  it  was  just  short  flash  that 
appears  from  time  to  time.  Increasing  resistance  of  the  end  electrodes  (cathodes)  up  to  1.1 
kOhm  caused  to  a  bit  more  stable  behaviour  of  the  middle  electrodes  but  it  was  insufficient  to 
obtain  a  stable  combustion. 

2nd  configuration  that  had  been  tried  consists  of  5  electrodes:  2c,  4a,  6c,  8a,  10c.  This 
configuration  occurred  very  unstable  for  any  combinations  of  the  resistances  due  to  rather  big 
distance  between  electrodes.  One  important  feature  of  the  discharge  behaviour  for  such  a 
configuration  has  been  found  out.  Discharge  breakdown  always  occures  through  the  injection 
system  if  the  working  electrodes  are  posed  in  front  of  the  injection  holes  along  the  flow 
direction,  Fig.4.3.3.3.  Each  injector  was  connected  through  the  tube  to  the  general  volume  that 
was  installed  out  of  the  test  section  for  experimental  arrangement  that  was  tested  previously. 
Then,  during  the  modification  of  the  electrodes  plate  this  volume  was  mounted  into  the 
electrodes  plate  itself.  It  has  been  done  to  siplify  the  sealing  of  the  test  section  (one  hole  instead 
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of  five).  As  a  result  the  path  through  the  injection  system  became  short  enough  for  the 
discharge  to  breakdown.  So,  such  injection  system  occurres  to  be  unsuitable  one. 


Fig.4.3.3.3.  2nd  electrodes  configuration  and  photo  of  discharge  operation. 


3rd  configuration  included  following  electrodes:  lc,  2a,  4c,  5a,  7a,  8c,  10a,  lie, 
Fig.4.3.3.4.  The  behaviour  of  the  discharge  was  the  same  as  for  the  11  electrodes 
configuration:  short  stable  discharge  loops.  No  ethylene  combustion  has  been  obtained. 


Fig.4.3.3.4.  3ld  electrodes  configuration  and  photo  of  discharge  operation. 


4th  configuration  posesed  the  same  distance  between  electrodes  as  the  2nd  configuration  but 
working  electrodes  were  the  odd  ones  in  order  to  prevent  the  breakdown  through  the  injection 
system:  lc,  3a,  5c,  7a,  9c,  11a,  Re  =  0.56  kOhm,  Ra  =  1  kOhm,  Fig.4.3.3.5.  Discharge  loops 
became  rather  long  for  such  configuration.  Sometimes  breakdown  occurs  through  the  injection 
system  but  it  happens  rarely  and  never  during  the  injection  of  the  ethylene.  As  a  result  stable 
intensive  combustion  of  the  ethylene  had  been  obtained  for  this  electrodes  arrangement. 
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Fig. 4. 3. 3. 5.  4th  electrodes  configuration  and  photo  of  discharge  operation. 


Intensity  of  the  ethylene  combustion  was  even  higher  than  one  obtained  during  previus  efforts. 
Pressure  distribution  and  schlieren  photo  for  the  case  of  successfull  combustion  are  shown  in 
the  Fig.4.3.3.6. 
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Fig.  4.3.3.6a.  Pressure  dynamics  and  distribution  at  the  ethylene  combustion. 
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Fig.  4.3.3.6b.  Schlieren  visualization  of  the  ethylene  combustion.  Gc2H4=l-3g/s 


Combustion  mode  with  thermal  choking  of  the  flow  was  not  observed  for  this 
experimental  arrangement  that  is  similar  to  the  previous  experiments  with  ethylene 
combustion. 

Concluding  this  section  it  may  be  stated  that  there  is  one  main  specific  limitation  for 
plasma-based  flameholding  in  case  of  hydrocarbon  fuel  for  this  experimental  approach:  the 
length  of  the  discharge  filaments  is  very  important  feature  of  the  discharge  -  if  filaments 
shorter  than  some  value,  ethylene  is  not  ignited.  Distance  between  electrodes  also  influances  on 
another  discharge  feature,  namely  on  the  reduced  electrical  field.  The  longer  distance  between 
electrodes  the  more  nonequilibrium  state  of  discharge  is  realised  that  may  be  usefull  for 
combustion  enchancement.  Note,  that  the  discharge  length  is  roughly  proportional  with  a  time 
of  interaction  of  the  discharge  with  the  air- fuel  particular  portion. 
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4.3.4.  Refined  results  on  plasma-assisted  combustion  of  hydrogen  and  ethylene  in  M=2 
flow. 

The  basic  results  of  study  of  plasma-assisted  flameholding  in  high-speed  flow  can  be  found 
in  publications  [1-3].  Ignition  and  flameholding  were  realized  for  H2  and  C2H4  fuelling  on  a 
plane  wall  by  using  a  transversal  electrical  discharge  at  relatively  low  power  deposition  (<2% 
of  flow  enthalpy).  The  power  threshold  for  a  hydrogen  flameholding  was  measured  to  be 
Wpi<3kW;  with  ethylene  fuelling  it  was  measured  to  be  Wpi>4kW.  The  combustion  efficiency 
was  estimated  and  it  is  found  sufficiently  high,  about  0.9,  for  both  hydrogen  and  ethylene.  The 
ignition  effect  of  the  gas  discharge  was  compared  for  different  levels  of  the  power,  power 
density,  and  reduced  electrical  field  (characterizing  the  departure  from  equilibrium  for  the 
discharge).  Here  it  was  found  that  the  effectiveness  of  the  flameholding  is  determined  primarily 
by  the  level  of  power  deposition,  and  secondarily  by  the  length  of  plasma  filaments  (time  of 
interaction),  thirdly  by  the  power  density,  and  the  last  by  the  other  factors.  In  this  experiment 
the  effect  of  reduced  electrical  field  was  not  an  important  factor.  In  comparison  with  hydrogen 
fuelling,  a  main  difference  with  ethylene  fuelling  was  that  thermal  choking  was  not  observed, 
even  at  the  maximum  discharge  power  of  Wpi>10  kW.  Furthennore,  the  completeness  of  the 
ethylene  combustion  decreases  with  increased  fuel  mass  flow  rate. 

The  data  on  pressure  distribution  at  hydrogen  and  ethylene  injection  and  for  variety  of  the 
discharge  parameters  (power,  E/n,  polarity)  were  obtained  and  processed.  An  example  of  the 
data  is  shown  below  to  clarify  the  result  of  interaction.  The  most  parameters  are  pointed  in 
capture.  The  schlieren  pictures  and  the  DLAS  measurements  were  recorded  using  also  the 
additional  window  of  the  test  section.  The  optimized  geometrical  configuration  was  considered 
for  the  tests:  rectangular  channel  with  10  degrees  inclination  of  the  opposite  to  plasma 
generator  wall  because  of  the  actually  plane  wall  in  zone  of  combustion.  The  scheme  and 
pressure  tabs  arrangement  were  described  in  section  3.2. 


A?  f  Fliel  Hydrogen  G=D  49** 


Fig.4.3.4.1.  Combined  from  two  windows  schlieren  image  of  hydrogen  combustion. 
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Fig.4.3.4.2.  Evolution  of  wall  pressure.  Hydrogen  injection,  discharge  power  Wpi=8kW.  X=0  - 

electrodes  line. 


Fig.4.3.4.3.  Evolution  of  wall  pressure.  Hydrogen  injection,  discharge  power  Wpi=4.5kW  (a)  and 

Wpi=9kW  (b).  X=0  -  electrodes  line. 

Schlieren  images  in  Fig. 4. 3. 4.1  and  wall  pressure  distributions  in  Fig.4.3.4.2  for  hydrogen 
combustion  illustrate  details  of  plasma-fuel-flow  interaction.  The  electrodes  configuration  in 
this  test  geometry  for  the  hydrogen  injection  was  tested  in  11  electrodes  +  5  fuel  injectors 
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arrangement.  One  can  conclude  that  the  combustion  zone  locates  not  in  immediate  vicinity  of 
the  zone  of  discharge  and  the  fuel  feeding.  The  result  is  sensitive  to  plasma  power  deposition 
and  fuel  mass  flow  rate  as  it  is  demonstrated  in  Fig.4.3.4.3.  The  same  data  are  presented  below 
for  the  ethylene  combustion.  The  red  line  in  Fig.4.3.4.4  shows  a  sample  of  section  for  DLAS 
measurements. 


Fig.4.3.4.4.  Typical  schlieren  pictures  of  ethylene  combustion. 
Combination  of  images  from  two  windows. 


Fig.4.3.4.5.  Evolution  of  wall  pressure.  Ethylene  injection  G=1.3g/s,  discharge  power 

Wpi=8.4kW.  X=0  -  electrodes  line. 

The  DLAS  measurements  were  fulfilled  in  typical  operation  modes:  plasma  power  was 
Wpi=8-8.5kW,  hydrogen  mass  flow  rate  was  GH2=0.3g/s,  and  the  ethylene  Gc2H4=l-3g/s.  As 
was  already  pointed  out  the  developed  technique  and  algorithm  of  data  acquisition  give  the 
line-of-sight  values  for  the  temperature  and  FEO  concentration.  In  reality  both  parameters 
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fluctuates  along  the  optical  path  inside  the  test  section.  It  means  that  the  line-shapes  and  widths 
of  water  molecules  depend  on  the  coordinate  along  the  beam. 

High  signal-to-noise  ratio  enabled  spectral  fitting  with  fewer  averaged  scans.  The 
temperature  distribution  along  the  combustor  obtained  as  a  result  of  such  fitting  is  shown  in 
Fig.4.3.4.6.  Each  point  in  the  figure  was  obtained  in  individual  run  of  the  facility.  The  values  of 
the  temperature  inferred  from  both  slopes  coincide  reasonably  well.  The  water  vapor  partial 
pressure  measured  in  a  parallel  way  is  presented  in  Fig.4.3.4.7.  The  uncertainty  of  the 
temperature  evaluation  associated  with  the  experimental  errors  and  fitting  procedure  was 
estimated  basing  on  the  results  database.  Estimated  precision  (statistical  error)  of  the 
temperature  measurements  was  a  =  40  K. 


Fig.4.3.4.6.  Temperature  distribution  measured  by  DLAS  at  H2  injection. 
X  axis  is  along  the  flow  direction.  Y  is  the  distance  from  the  wall. 


Fig.4.3.4.7.  Water  vapor  partial  pressure  in  plasma  assisted  combustor  at  H2  injection. 
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The  data  for  the  ethylene  ignition  and  flameholding  are  presented  in  Figs. 4. 3. 4. 8-4. 3. 4. 9.  The 
effect  of  two-stage  pattern  is  well  seen. 


Fig.4.3.4.8.  Temperature  distribution  measured  by  DLAS  at  C2H4  injection. 
X  axis  is  along  the  flow  direction.  Z  is  the  distance  from  the  wall. 
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Fig.4.3.4.9.  Water  vapor  partial  pressure  in  plasma  assisted  combustor  at  C2H4  injection. 


To  explain  the  above  observations,  we  propose  the  following  two-zone  scheme  of  the 
plasma  assisted  flameholding  (it  reflects  the  two-stage  ignition  process).  Zone  1,  in  which  the 
-eold”  combustion  takes  place  accompanied  by  plasma-induced  fuel  conversion  and  relatively 
small  power  release.  Note,  that  the  combustion  layer  in  this  zone  is  rather  thin.  It  is  actually  the 
shear  layer,  where  the  mixing  is  additionally  promoted  by  the  plasma  filaments.  Despite  of 
high  gas  temperature  here  a  total  heat  release  is  not  big.  Zone  2,  in  which  the  combustion  is 
completed  or  almost  completed  with  high  energy  release.  Intensive  mixing  limits  the  gas 
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temperature  elevation.  We  emphasize  that  the  plasma  is  the  key  element  of  this  scheme:  it 
launches  the  cold  combustion  inside  of  the  first  zone  by  generating  high  amount  of  active 
species.  The  lengths  of  the  first  zone  in  our  tests  were  measured  by  the  schlieren  and  schlieren- 
streak  technique  in  the  range  from  50mm  to  150mm.  It  corresponds  to  the  induction  time  range 


Tind=0.1 -0.3ms. 
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5.  Task  2.  Technical  Results 

Diagnostics  development  and  analytical  support. 

The  following  parameters  of  the  gas  and  plasma  have  to  be  measured  during  the  tests: 
o  Gas  temperature,  averaged  and  local  values,  Tg; 
o  Distribution  of  static  and  stagnation  pressure,  P0,  Pst; 
o  Optical  spectra  of  the  excited  molecules  N2,  CN,  OH,  CH; 
o  Temporal  evolution  of  optical  lines  OH,  CH,  etc.; 
o  Plasma  energetic  parameters; 

o  Dynamics  of  the  ignition  processes  by  video-records  and  shadow  photos; 
o  Relative  concentration  of  important  gas  species. 

Several  diagnostic^  methods  are  quite  standard.  They  were  described  in  Final  Report  on 
Project  #3057p  dated  March  2009.  A  few  methods  applied  are  well  known  but  their  application 
requires  extra  efforts  for  adjustment  for  specific  conditions  of  the  test.  As  a  rule  each  group  of 
experimentalists  improves  such  technique  and  procedure  of  data  processing.  In  case  of  current 
project  the  most  specific  information  was  obtained  by  passive  optical  spectroscopy  and  active 
absorption  laser  spectroscopy.  Features  of  experimental  approach,  which  complicate  the  issue, 
are:  short  time  of  run,  strong  inhomogeneity  of  object  studied,  numbers  of  simultaneous 
processes  and  species  in  interaction  volume. 

At  the  present  time  an  optical  diagnostics  of  flames  is  the  main  experimental  method 
for  getting  some  qualitative  infonnation  on  the  gas  kinetics  that  are  compared  with 
combustion  models.  In  particular,  development  of  laser  spectroscopic  methods  has  resulted  in 
the  significant  progress  in  the  field  of  combustion  investigation.  Modern  optical  methods  of 
the  flame  investigation  possess  high  temporal  and  spatial  resolution.  It  allows  determining  of 
the  two-dimensional  arrays  of  variety  of  reacting  medium  parameters.  The  most  appropriate 
methods  were  chosen  by  such  criteria  as  equipment  accessibility,  simplicity  of  use,  and 
importance  of  the  infonnation  that  is  given  by  them. 
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5.1.  Measurements  of  reactant  gas  parameters  distribution  in  area  of  plasma-gas 
interaction  and  combustion  zone  by  laser-based  non-intrusive  diagnostics. 

One  of  important  goals  of  this  Project  was  the  development  of  DLAS  technique  for  the 
contactless  measurements  of  the  parameters  of  a  plasma-assisted  supersonic  combustion  flow 
at  the  PWT-50H  facility  in  the  Joint  Institute  for  High  Temperature  RAS.  Molecular  water  was 
used  as  a  test  molecule.  Water  vapor  is  one  of  the  major  combustion  products  and  key 
indicators  of  the  extent  of  combustion  and  is  therefore  widely  used  as  a  tracer  of  combustion 
processes  in  mixed  gas  flows.  The  main  problems  to  be  solved  in  the  frame  of  this  Project 
were: 

1 .  Development  of  the  experimental  DLAS  instrumentation  adjusted  to  the  experiments  at 
PWT-50H  facility; 

2.  Optimization  of  the  recording  scheme  to  the  conditions  of  PWT-50H  facility  with  high 
level  of  electric  and  acoustic  noises; 

3.  Optimization  of  the  algorithm  for  fitting  the  experimental  spectra  in  the  case  of  an 
irregular  baseline; 

4.  Measurements  of  the  temporal  and  spatial  distribution  of  the  temperature  and  water 
vapor  concentration  in  different  combustion  zones. 
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5.1.1.  DLAS  -  method  description. 

The  basic  equation  of  absorption  spectroscopy  is  the  Bouguer-Beer-Lambert  law.  The 
general  exponential  fonn  of  the  law  can  be  expanded  for  the  case  of  low  absorption  to  the  form 


h  ho  exp  [-S(T)g(v-  v0)  NL ]  « Iv,o  -  ho  S(7)g(v-  v0)NL  ,  (1) 

where  /v  is  the  intensity  of  the  monochromatic  radiation  with  a  frequency  v  (cm'1)  transmitted 
by  an  absorbing  medium  of  length  L  (cm),  Vo  (cm'1)  is  the  frequency  of  the  line  center,  S 
(cm/mol)  is  the  line  strength  (integral  intensity),  g  (cm)  is  the  nonnalized  line-shape  function, 
N  (cm’  )  is  the  number  density  of  FFO  molecules.  The  line  strength  S  depends  on  temperature 
while  the  line-shape  function  depends  on  temperature,  pressure,  gas  composition  and  the 
mechanisms  of  line  broadening.  For  pressures  of  about  an  atmosphere  the  line-shape  is  usually 
approximated  by  a  Voigt  profile.  The  typical  absorption  line  width  of  the  simple  molecular 
components  in  mixing  gas  flows  and  flames  is  of  the  order  of  0.1  cm'1  (3  GHz).  Thus,  single¬ 
mode  DLs  with  typical  line -widths  ~  10-50  MHz  can  be  treated  as  monochromatic  light 
sources  and  Eq.  (1)  can  be  used  for  evaluation  of  the  experimental  data  with  high  precision. 

The  line  strength  S(T)  depends  on  temperature  in  the  form: 


S(T)  =  S(T0) 


Q(Tq) 
Q(T ) 


exp 


hcE  1  1 


1-exp  {hcv  I  kT) 
l-exp(hcv  /  kT0) 


(2) 


where  Q(T)  is  the  partition  function,  E"  is  the  lower  state  energy  of  the  quantum  transition,  k  is 
BoltzmamTs  constant,  S(To)  is  the  line  strength  at  a  reference  temperature  To,  h  is  Planck‘s 
constant  and  c  is  the  speed  of  light. 

The  ratio  of  the  line  strengths  of  two  different  transitions  depends  only  on  the 
temperature  and,  assuming  the  second  bracket  in  Eq.  (2)  is  equal  to  unity,  can  be  written  in  the 
form: 


R  = 


\U2jT 


(V 

exp 

To 

hcAE 

fl  M 

UJ 

k 

j  hi 

(3) 


where  AE  is  the  energy  difference  between  the  lower  levels  of  the  selected  transitions.  Thus, 
from  simultaneous  measurement  of  the  absorption  at  different  lines  one  can  deduce  the 
temperature  of  a  medium  and  from  the  measurement  of  the  absolute  absorption  line  intensity 
one  can  deduce  the  concentration  of  the  absorbing  species,  provided  that  the  spectroscopic 
parameters  of  the  selected  transitions  are  known. 
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For  uniform  media  Eq.  (1-3)  give  the  actual  temperature  and  concentrations.  For  non- 
uniform  media  path-integrated  temperature  and  concentration  can  be  calculated  from  the 
absorption  spectra.  The  line  strengths  and  broadening  parameters  for  many  transitions  at 
ambient  temperatures  are  well  known. 

One  of  the  most  serious  problems  of  the  diagnostics  of  non-steady-state  processed  by 
absorption  spectroscopy  with  diode  lasers  (DLAS)  is  the  fluctuations  of  the  base  line.  These 
fluctuations  are  caused  by  several  mechanisms: 

•  random  amplitude  modulation  of  diode  laser  (DL)  intensity  caused  by  modulation  of 
the  injection  current  during  the  wavelength  scanning, 

•  strong  scattering  of  the  DL  beam  by  the  fluctuations  of  the  refractive  index  in  non¬ 
stationary  gas  flows, 

•  interference  effects  of  the  coherent  DL  radiation  at  the  optical  surfaces  (cell  windows, 
color  fdters,  focusing  optics  etc.), 

•  temperature  fluctuations  of  the  active  layer  of  the  semiconducting  chip  of  DL. 

Due  to  non- stationary  variations  in  plasma/reacting  gas  parameters  and  the  processes  of 
combustion  the  fluctuations  of  the  base  line  have  a  stochastic  character.  Strong  base  line 
fluctuations  complicate  significantly  fitting  of  the  experimental  absorption  spectra  of  a  test 
molecule  with  the  simulated  one,  and  in  this  way  increase  the  errors  of  the  evaluation  of 
temperature  and  pressure  in  the  combustion  zone  by  DLAS  technique. 

Dominant  part  of  the  work  on  right  signal  extraction  was  related  with  the  improvement  of 
the  electronic  scheme  of  the  recording  system  and  development  of  the  specific  methods  to 
decrease  the  influence  of  base  line  fluctuations  on  the  results  of  DLAS  measurements.  The 
differential  detection  scheme  was  designed  and  tested.  It  was  done  in  such  a  way,  that  the 
output  signal  should  be  zero  (in  fact  -  minimal),  when  there  was  no  absorption  of  water 
molecules  in  the  detection  channel. 

Simplified  scheme  of  the  first  cascade  is  shown  in  Fig. 5. 1.1.1.  The  differential  signal  is  the 
photocurrent  generated  at  the  common  point  of  an  operational  amplifier  Op  Amp  1 .  In  this  point 
the  currents  of  the  signal  and  reference  photodiodes  are  combined,  the  polarity  of  the  currents 
being  opposite.  To  compensate  the  variations  of  the  signaTs  photocurrent,  which  are  not 
caused  by  FLO  absorption  (intensity  ramp,  low  frequency  random  amplitude  modulation, 
technical  noise  etc.),  the  currents  must  be  well  equalized  in  both  channels.  It  is  done  by  tuning 
the  differential  current  to  zero,  when  there  is  no  FLO  absorption  in  the  signal  channel.  A  pair  of 
matched  MAT04  transistors  (Analog  Devices,  Inc.)  automatically  equalizes  both  channels.  As 
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Fig.5. 1.1.1.  Scheme  of  the  first  cascade  of  electronic.  PD1  -  photo-detector  of  the  signal 
channel,  PD2  -  photo-detector  of  the  reference  channel,  OpAmpI,  2, 3  -  operational  amplifiers. 


The  reference  signal  is  the  signal  proportional  to  the  instant  value  of  DL  intensity.  This 
signal  is  used  for  evaluation  of  the  temperature  channel  according  to  Beer-Lambert  law.  This 
signal  is  collected  from  the  resistor  (see  Fig. 5. 1.1.1)  in  the  circuit  of  PD1  and  amplified  by 
OpAmp3.  Both  signals  were  recorded  by  the  two-channel  digital  oscilloscope  Agilent  54621  A, 
digitized  for  further  processing  and  transferred  to  the  PC. 


Verification  of  DLAS. 

First  experiments  at  IADT-50  facility  in  the  Joint  Institute  for  High  Temperature  (RAS)  have 
demonstrated  the  potentials  of  DLAS  technique  for  contactless  measurements  of  the 
parameters  of  hot  zone.  At  the  next  step  one  needed  the  verification  of  DLAS  technique.  It  was 
done  in  the  laboratory  experiments  in  the  absorption  cell  with  controllable  parameters  of  the 
absorbing  layer.  Special  absorbing  cell  was  designed,  in  which  temperature  and  total  pressure 
of  air  could  be  maintained  and  regulated.  Both  parameters  were  independently  measured  by  the 
commercial  sensors.  A  simplified  scheme  for  the  laboratory  cell  used  for  DLAS  verification  is 
shown  in  Fig. 5. 1.1. 2. 
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Fig. 5. 1.1. 2.  Experimental  cell  (see  explanations  in  text) 

The  cell  was  made  of  a  quartz  tube  (60  cm  long,  inner  diameter  32  mm,  wall  thickness  3 
mm)  inserted  in  an  electrically  heated  cylindrical  oven.  The  absorbing  air  layer  was  formed  by 
a  quartz  cylinder  (10  cm  long,  outer  diameter  22  mm)  pressed  between  quartz  windows 
attached  to  two  cylindrical  inserts  (50  cm  long,  outer  diameter  22  mm).  The  planes  of  both  end 
surfaces  of  the  cylinder  were  tilted  slightly  with  respect  to  the  optical  axis.  In  this  way  the 
volume  inside  the  cylinder  was  connected  to  the  volume  of  the  gap  between  the  inserts  and  the 
main  tube.  The  inserts  were  fixed  inside  the  main  tube  by  vacuum  insulators.  The  space 
between  the  inserts  and  tube  could  be  pumped  out  by  a  rotary  pump  through  a  metallic  needle. 
The  cell  was  heated  by  a  Nichrome  wire  fixed  on  the  central  part  of  the  main  tube.  In  order  to 
provide  a  uniform  temperature  profile  along  the  absorbing  layer,  the  oven  was  4  times  as  long 
as  the  central  quartz  cylinder,  40  cm.  This  ratio  provided  the  temperature  profile  from  the 
central  part  to  the  end  of  the  absorbing  layer  (10  cm)  of  -  20K  for  the  maximal  temperature  of 
1300K.  The  cell  temperature  can  be  varied  from  300K  to  1300K. 

To  minimize  DL  absorption  by  laboratory  air  outside  the  central  part  of  the  cell  the 
cylindrical  inserts  were  continuously  blown  up  with  a  stream  of  pure  argon.  The  temperature  of 
the  absorption  air  layer  was  measured  by  a  commercial  thermocouple  PS2007  (Instrument 
Specialists  Inc.,  USA)  fixed  inside  the  main  tube  close  to  the  central  cylinder  containing  the 
absorbing  air.  The  air  pressure  of  the  absorbing  layer  was  maintained  or  changed  by  a  rotary 
pump  and  an  input  valve  (not  shown  in  Figure)  and  measured  by  a  pressure  sensor  G16K  (BOC 
Edwards,  UK). 
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An  example  of  the  experimental  spectra  fitting  is  presented  in  Fig.5.1.1.3.  Two  different 
fitting  methods  were  compared.  The  first  one  is  the  common  profile  fitting  method,  in  which 
each  absorption  line  is  fitted  separately  using  different  kinds  of  modeling  line  profile.  The 
following  theoretical  line  shapes  were  used:  Voigt  function  with  independent  Gaussian  and 
Lorentzian  parts  (VP),  Voigt  profile  with  equal  Gaussian  width  for  both  lines  and  different 
Lorentzian  widths  (VPEG),  and  a  Rautian  profile  (RP),  which  takes  into  account  Dicke 
narrowing. 

Part  of  the  spectra  with  two  lines  for  an  air  temperature  - 1 000  K  is  shown  in  the  upper  trace 
of  the  Fig.5.1.1.3,  the  residuals  for  two  fitting  algorithms  -  Spectrum  Fitting  (SF)  and  Voigt 
Profile  Fitting  with  equal  Gaussian  width  (VPEG)  are  shown  below. 


71894  7189.5  7189  5  7189  7  7189  8 
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Fig.5.1.1.3.  Example  of  the  experimental  line  fitting,  a)  FEO  absorption  lines  7189.541  cm’1 
and  7189.715  cm’1.  The  points  are  the  experimental  values,  solid  line  is  the  best  fitting, 
b)  residual  (difference  between  experimental  and  theoretical  spectra  for  SF  model; 

c)  residual  for  VPEG  model. 

In  Fig.5.1.1.4  temperatures  derived  from  DL  spectra  using  different  fitting  procedures  are 
plotted  versus  temperatures  measured  by  the  thermocouple.  It  is  noteworthy  that  the  minimal 
residual  is  obtained  for  the  VPEG  (Fig. 5. 1.1. 3c),  but  this  model  gives  a  large  deviation  of  the 
evaluated  temperatures  from  temperatures  measured  by  the  thennocouple,  particularly  for 
temperatures  above  1000  K  (Fig.5.1.1.4).  For  this  temperature  magnitude  the  variations  of  the 
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baseline  were  more  pronounced  from  scan  to  scan  as  compared  to  the  temperature  range  (300- 
800)  K.  It  can  be  explained  by  the  increased  fluctuations  of  the  DL  beam  inside  the  cell  caused 
by  higher  temperature  gradients.  The  SF  model  shows  larger  minimal  residual,  but  provides 
better  accuracy  (Fig.5. 1.1.4).  This  algorithm  was  selected  as  the  optimal  one  for  the 
experiments  at  the  IADT-50  facility  within  the  Project. 


Fig. 5. 1.1. 4.  Temperature  evaluated  by  TDLAS  vs  temperature  measured  by  thennocouple. 
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5.1.2.  DLAS  -  spectra  processing. 


5.1.2. 1.  Primary  processing  of  the  non-stationary  absorption  spectra 

In  the  experiments  considered  the  hydrogen  and  ethylene  were  used  as  the  fuel.  The 
water  vapor  concentration  was  high  enough  to  detect  direct  absorption  with  the  appropriate 
SNR.  Two  one-dimension  files  with  2x1 06  points  each  were  detected  in  a  single  run.  The  full 
registration  time  was  500ms.  The  first  file  contains  about  600  scans  of  differential  signals,  the 
second  one  about  600  scans  of  the  incident  DL  intensities,  detected  in  the  second  channel.  The 
raw  data  detected  in  the  first  250  ms  of  a  single  run  are  presented  in  Fig.5. 1.2.1.  The 
aerodynamic  parameters  of  this  run  were:  static  pressure  in  pre-mixing  zone,  130  Torr,  fuel 
mass  flow  rate  Gy  0.5  g/s. 


Fig.5. 1 .2. 1 .  Fuel  -  hydrogen,  a)  Trace  of  the  first  250  ms  of  a  run  (differential  output), 
b)  fragment  of  this  run  corresponding  to  three  round-trip  scans  of  DL  wavelength, 
c)  the  saw  tooth  DL  intensity  variation  during  these  scans  (second  output  of  the  scheme). 


The  times  of  plasma  on  and  off  are  indicated  in  Fig. 5. 1.2.1.  The  run  and  the  oscilloscope 
scan  are  started  by  a  trigger  pulse.  30  ms  after  the  start,  the  air  valve  opens  and  20  ms  later  the 
gas  flow  reaches  the  supersonic  regime  (M=  2).  120  ms  after  the  start  the  discharge  is  ignited, 
the  fuel  (in  this  case  hydrogen)  is  injected  and  the  combustion  process  starts.  At  about  190  ms 
the  discharge  is  off  and  the  combustion  ends. 
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In  each  scan  the  DL  intensity  varies  during  the  round-trip  cycle  of  wavelength  tuning  due  to 
injection  current  modulation  and  the  water  vapor  absorption.  Short  fragment  of  3  scans  (about 
2.5  ms)  is  presented  in  Fig.5. 1 .2. lb.  This  fragment  corresponds  to  about  middle  of  the  run. 
Fig. 5. 1.2.1c  shows  3  corresponding  scans  of  DL  intensity  registered  in  the  second  channel. 
These  temporal  profiles  of  DL  intensity  were  used  to  infer  temperature  and  water 
concentration. 

In  the  initial  step  of  data  processing  the  file  in  Fig.5. 1.2. la  was  transformed  into  a  2D 
image.  This  procedure  greatly  simplified  the  general  overview  of  the  data  and  selection  of  the 
most  important  periods  of  the  combustion  process.  In  the  following  steps  only  the  periods 
containing  important  infonnation  were  processed.  The  algorithm  used  for  the  digital  processing 
of  the  2D  images  is  based  on  the  ImageJ  software  with  open  source  code  [2].  This  algorithm 
enables  comfortable  visual  presentation  of  the  experimental  data  and  significantly  reduces  the 
processing  time.  The  result  of  such  processing  of  the  file  from  Fig. 5. 1.2. la  is  shown  in 
Fig.5. 1.2.2. 
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Fig.5. 1.2.2.  2D  image  of  the  raw  data  (left)  and  FLO  absorption  lines  integrated  over  30  scans 
(right).  The  time  intervals  (a-d)  correspond  to  different  stages  of  the.  The  spectral  lines  used  for 
processing  are  labeled  by  numbers.  Line  attribution:  (1)  -  7189.344  cm'1,  (2)  -  7189.541  cm'1, 

(3) -7189.715  cm'1. 

Fig. 5. 1.2.2a  shows  a  2D  image  of  the  differential  signals  detected  during  the  first  250  ms  of 
the  run.  The  2D  image  is  constructed  from  the  individual  successive  scans.  In  each  scan  the  DL 
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intensity  varies  according  to  the  variation  of  the  injection  current  (linear  ramp)  and  FLO 
absorption  when  the  DL  wavelength  coincides  with  the  wavelength  of  the  absorption  line.  In 
this  way  the  H2O  absorption  spectra  is  registered  in  each  scan.  In  the  image  presented  in 
Fig.5. 1.2.2a  the  frequency  v  of  DL  radiation  changes  from  left  to  right  (x  axis).  During  first 
half  of  the  scan  v  decreases  with  the  increase  of  DL  injection  current  and  vice-versa  during  the 
second  half.  All  scans  are  arranged  one  below  the  previous  one  with  the  number  of  the  scan  n 
increasing  from  top  to  bottom  (y  axis).  The  interval  of  DL  frequency  tuning  (axis  x)  is  about 
lcm'1,  the  full  duration  of  one  scan  is  about  830  ps,  the  duration  of  the  presented  part  of  the 
scans  (axis  y )  is  about  250  ms.  The  software  allows  one  to  select  and  process  any  part  of  the 
image  (time  interval)  and  to  average  any  number  of  scans. 

In  the  experiments  with  plasma-assisted  combustion  the  baseline  exhibited  much  stronger 
variations,  as  compared  to  the  laboratory  experiments,  during  one  scan  and  from  scan  to  scan 
because  of  strong  turbulence  in  the  probed  volume.  The  dark  horizontal  lines  in  Fig.5. 1.2.2a 
are  the  result  of  strong  deviation  of  the  DL  beam  from  the  adjusted  trajectory  in  a  particular 
scan  (or  scans). 

The  absorption  lines  are  well  seen  in  the  2D  image  as  the  light  vertical  stripes.  The 
different  phases  of  the  combustion  evolution,  denoted  by  the  letters  (a-d)  can  be  distinguished. 
Fig.5. 1.2.2  right  presents  the  H2O  absorption  spectra  reconstructed  from  the  2D  image  in 
Fig.5. 1.2.2  left.  These  spectra  are  the  result  of  averaging  over  30  scans  in  four  different 
characteristic  intervals  of  the  run.  During  the  time  interval  labeled  by  a  in  Fig.5. 1.2.2  the  zone 
of  observation  is  filled  with  air  at  room  temperature.  The  -eold”  line  7189.344  cm'1  is  well 
seen  both  in  the  image  and  in  the  spectra  (Fig. 5. 1.2.2).  At  the  end  of  the  interval  a  air  flow 
reaches  the  supersonic  regime,  which  results  in  a  decrease  of  the  gas  temperature  to  ~  200K. 
The  temperature  drop  causes  freezing  of  water  vapor.  As  a  result,  the  intensity  of  the  water 
absorption  spectra  starts  to  decrease  and  after  approximately  20-30  ms  disappears,  which  is 
clearly  seen  both  in  the  image  and  spectra  in  Fig. 5. 1.2.2  (interval  b ).  About  -  1 10  ms  after  the 
beginning  the  discharge  is  ignited  and  ~  20  ms  later  the  fuel  is  injected.  The  combustion 
process  starts  at  this  moment  and  the  temperature  rapidly  increases.  The  temperature  increase  is 
well  illustrated  by  the  appearance  of  the  FLO  -hot”  lines:  7189.715,  7189.541  and  7189.199 
cm'1.  In  the  same  period  the  -eold”  line  7189.344  cm"1  dramatically  decreases.  This  structure  of 
the  spectra  remains  over  a  time  interval  of  ~  50  ms  when  the  combustion  is  sustained  (interval 
c  in  both  figures).  After  the  plasma  is  switched  off  the  combustion  rapidly  ends  and  the  water 
lines  disappear  (interval  d).  During  this  time  interval  the  conditions  of  the  supersonic  flow  are 
similar  to  those  during  interval  b. 
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Note,  that  in  the  described  experiments  the  deviations  of  the  DL  beam  inside  the  chamber, 
variations  of  total  and  local  concentration  of  water  molecules,  beam  attenuation  (scattering) 
due  to  aerosol  fonnation  inside  the  combustion  zone  and  the  tail  of  the  flame  were  much 
stronger  as  compared  to  the  laboratory  experiments.  Because  of  this  the  variations  of  the 
differential  signal  and  variations  of  the  baseline  from  run  to  run  were  rather  strong.  To  keep  the 
signal  within  the  dynamic  range  of  the  ADC  we  had  to  decrease  the  amplification  of  the 
electronic  system  and,  hence,  the  effective  dynamic  range  of  the  absorption  signal  recording  to 
about  5  bits  (compare  to  8  bits  in  the  laboratory  experiments).  This  loss  of  the  linear  dynamic 
range  was  partly  compensated  by  the  short  time  of  digitizing  of  the  used  ADC  (250  ns).  The 
fast  response  of  the  ADC  enabled  to  cut  off  high  frequency  noises  by  a  low-frequency  digital 
filter  applied  at  the  first  step  of  data  processing.  As  a  result,  each  point  of  the  reduced  file  was 
an  average  of  16  raw  points.  In  this  way  the  level  of  effective  digitization  was  improved  to  7- 
bit. 

5.I.2.2.  Evaluation  of  the  hot  zone  parameters 

All  absorption  lines  detected  and  processed  in  our  experiments  were  weak  enough  to 
use  the  linear  approximation  in  Eq.  (1).  The  differential  signal  T,  at  a  frequency  v,  detected  by 
the  recording  system  can  be  rewritten  in  the  fonn: 

Yi  =cc  I 0i  Y,sj(T)gM  ~  v0J)NL  +  bi  +  £t ,  (4) 

j 

where  CC  is  the  coefficient  of  amplification  of  the  electronics,  Vqj  is  the  center  of  the  absorption 
line  j,  bj  presents  the  baseline  and  £,  is  the  residual  (difference)  between  the  experimental  and 
simulated  spectra.  All  other  parameters  are  denoted  for  Eq.  (1). 

Two  different  fitting  methods  were  compared.  The  first  one  is  the  common  profile 
fitting  method  in  which  each  absorption  line  is  fitted  separately  using  different  kinds  of 
modeling  line  profile.  We  tried  the  following  theoretical  line  shapes:  Voigt  function  with 
independent  Gaussian  and  Lorentzian  parts  (VP),  Voigt  profile  with  equal  Gaussian  width  for 
both  lines  and  different  Lorentzian  widths  (VPEG),  and  a  Rautian  profile  (RP)  [3],  which  takes 
into  account  Dicke  narrowing.  Parameters  characterizing  line  profiles  (center,  area,  width  and 
so  on)  were  adjustable.  The  baseline  was  approximated  by  the  polynomial  bi  —  Y.knQm,  with 
kn  -  fitting  parameters,  Qw  -  orthogonal  polynomial.  A  polynomial  rank  of  2  or  less  was  used. 
The  temperature  was  detennined  from  the  ratio  of  the  areas  under  two  fitted  lines  by 
comparing  this  ratio  with  the  theoretical  one. 
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The  second  approach  was  spectrum  fitting  (SF),  in  which  the  experimental  spectrum  was 
fitted  to  a  theoretical  one  calculated  using  spectral  databases.  The  fitting  was  started  with  the 
matching  of  the  maxima  of  the  selected  lines  to  the  tabulated  reference  values.  Linear  scanning 
of  the  DL  wavelength  with  time  during  a  scan  was  assumed.  At  the  next  step  physically 
reasonable  values  of  the  initial  temperature  T  and  total  pressure  P  were  selected  and  a 
theoretical  spectrum  in  the  region  of  interest  was  calculated  using  spectroscopic  parameters 
from  the  FIITRAN  2008  database  [1]  and  partition  function  Q(T)  from  the  SPECTRA  database 
[4].  Then,  using  the  nonlinear  least-squares  Nelder-Mead  method  [5]  the  values  of 
temperature  and  total  pressure  were  found  from  the  best  fit  of  experimental  spectra,  e.g.,  from 

the  minimal  value  of  -j<  s (2  >  . 

For  the  run  shown  in  Fig. 5. 1.2.2  fitting  gave  a  temperature  of  the  probed  zone  of  T=\  050  K, 
and  a  water  vapor  concentration  (partial  pressure)  of  21  Torr.  The  developed  model  provided 

fitting  with  yj<  >  ~  0.4%.  In  this  example  a  linear  polynomial  was  used  for  the  baseline. 

The  DLAS  technique  and  algorithm  of  data  acquisition  give  the  line-of-sight  values  for  the 
temperature  and  FLO  concentration.  In  reality  both  parameters  fluctuates  along  the  optical  path 
inside  the  camera.  It  means  that  the  line-shapes  and  widths  of  water  molecules  depend  on  the 
coordinate  along  the  beam.  The  used  technique  can  only  provide  -averaged”  line  shapes  and 
infer  -averaged”  temperature  and  water  concentration.  It  is  well  known  that  in  any  gas  flow  in 
a  closed  compartment  there  exists  a  wall  layer  of  cold  gas.  The  results  of  the  preliminary 
investigations  of  the  combustion  zone  structure  by  a  shadowgraphic  technique  gave  a  rough 
estimation  of  this  layer  to  about  2-3  mm.  We  did  not  account  for  this  layer  in  our  model. 

To  detect  the  variations  of  the  parameters  along  the  beam  one  needs  to  probe  the 
combustion  zone  in  the  perpendicular  direction  and/or  to  use  much  more  complex  multi -beam 
scheme.  Note,  that  Abel  inversion  technique  cannot  be  used  in  our  case  because  of  irregular 
fluctuations  of  T,  P,  N  distribution  from  scan  to  scan. 

The  total  pressure  in  the  zone  was  estimated  from  the  width  of  the  broadened  lines. 
Broadening  of  the  absorption  lines  by  air  and  self-broadening  by  FLO  molecules  were  taken 
into  account  using  [1].  The  coefficient  of  water  self-broadening  is  5-6  times  greater  than  the 
coefficient  of  water  line  broadening  by  air.  Accounting  for  self-broadening  provided  an 
accurate  value  of  the  total  pressure  in  the  probed  zone  P  =  200  Torr,  which  is  in  quite 
reasonable  agreement  with  the  value  ~  210  Torr  measured  by  the  membrane  pressure  meter 
incorporated  in  the  test  chamber.  The  model  overestimated  the  total  pressure  (about  270  Torr) 
when  self-  broadening  was  ignored. 
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5.I.2.3.  Improvement  of  the  linearity  of  DL  wavelength  tuning. 

The  above  described  results  have  discovered  an  extra  source  of  errors  in  estimation  of  the 
gas  temperature  and  water  concentration  by  DLAS  technique.  To  improve  the  S/N  ratio  the 
scan  averaging  has  to  be  used.  It  was  found  that  DL  wavelength  tuning  is  not  linear  within  full 
range  of  the  scan.  The  wavelength  profile  does  not  exactly  fit  the  linear  profile  of  the  DL 
injection  current.  Because  of  this  the  position  of  the  absorption  lines  maxima  are  not  the  same 
at  the  rising  and  falling  parts  of  the  triangle  profile  of  the  injection  current. 

The  linearity  of  the  DL  wavelength  tuning  was  examined  using  the  Fabry-Perrot  etalon.  The 
F-P  spectra  proved  much  better  linearity  at  the  falling  part  of  the  full  scan.  The  new  generator 
for  injection  current  scanning  was  designed.  The  initial  symmetric  triangle  form,  used  in  the 
experiments  at  IADT-50  was  replaced  by  the  asymmetric  saw-tooth  form  with  rapid  rising  and 
slow  falling  parts.  With  this  new  generator  the  absorption  spectra  were  detected  for  further 
processing  only  at  falling  part  of  the  scan.  The  time  diagrams  of  the  old  and  new  profiles  are 
shown  in  Fig. 5. 1.2.3. 

before 


after 


Time,  msec 


Fig. 5. 1.2.3.  Old  and  new  injection  current  time  profiles. 

Besides,  the  uncertainty  of  the  beginning  of  the  successive  scans  in  one-two  bits  was 
originated  by  the  lack  of  rigid  synchronization  of  the  beginning  of  the  injection  current  scan 
and  the  beginning  of  signal  conversion  in  the  oscilloscope  ADC.  These  random  variations 
provided  the  effective  line  width  broadening  during  the  scans  averaging.  To  improve  the 
synchronization  the  new  home-made  generator  for  the  DL  current  scanning  was  designed  for 
the  experiments  at  PWT-50H  facility.  The  generator  was  triggered  by  the  5-Volt  master  pulse 
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of  the  oscilloscope,  which  is  used  for  calibration.  The  output  of  this  signal  is  located  at  the 
front  panel  of  the  oscilloscope. 
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5.1.3.  Result  of  measurements  by  laser  absorption  spectroscopy 

The  most  experiments  on  PWT-50H  facility  was  performed  with  the  new  version  of  DL 
tuning.  Note,  that  the  duration  of  the  scan  was  about  two  times  shorter  (-416  ps),  as  compared 
to  above  described  version  of  triangle  profile  of  the  injection  current  (830  ps).  The  example  of 
the  transient  absorption  spectra  recorded  with  this  version  of  DL  tuning  is  shown  in 
Figure5. 1 .3.1.  In  this  run  the  mixture  of  ethylene  and  hydrogen  was  used  as  the  fuel. 


Fig.5. 1.3.1.  Fuel  -  mixture  of  ethylene  and  hydrogen,  a)  Oscilloscope  trace  of  the  first  250  ms 
of  a  run  (differential  output),  b)  fragment  of  this  run  corresponding  to  three  round-trip  scans  of 
DL  wavelength,  c)  the  saw  tooth  DL  intensity  variation  during  these  scans  (second  output  of 

the  electronic  scheme). 

The  structure  of  the  spectra  is  very  similar  to  the  spectra  described  above  (see  Fig.5. 1.2.1). 
Visual  difference  is  the  temporal  profile  of  DL  tuning  during  a  scan  and  appropriate  difference 
in  the  symmetry  of  the  spectra.  Main  physical  difference  -  lower  temperature  of  these  runs  will 
be  discussed  below. 

The  2D-images  and  according  spectra,  similar  to  presented  in  Fig.5. 1.2.2,  are  shown  in 
Fig.5. 1.3.2.  One  can  point  out  serious  difference  between  the  processes  in  pure  hydrogen  and 
mixture  of  ethylene  and  hydrogen  (Fig. 5. 1.3.2).  In  latter  case  the  traces  of  water  vapor  are  seen 
during  full  duration  of  the  process.  It  may  be  interpreted  in  different  ways.  One  explanation  is 
higher  spatial  concentration  of  the  hot  gas  in  a  kind  of  stratus(es)  and  larger  volume  with 
-eold”  vapor,  not  involved  in  the  gas  stream. 
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Fig. 5. 1.3.2.  (1)  -  2D  image  of  the  raw  data,  (2)  -  H2O  absorption  lines  integrated  over  100 
scans,  (3)  -  3D  image  of  the  stage  (b)  of  the  run.  The  time  intervals  (a-c)  correspond  to 
different  stages  of  the  run.  Line  attribution  is  the  same  as  in  Fig. 5. 1.2.2. 


Generally,  the  sight-of-light  absorption  of  the  DL  beam  is  the  sum  of  the  absorption  in  a  part 
with  -eold”  gas  and  in  a  hot  layer.  Probably,  in  PWT  -  5  OH  facility  hot  zone  is  more 
concentrated  as  compared  to  the  previous  versions  and  the  contribution  of  the  cold  gas 
absorption  to  the  light-of-site  signal  is  more  pronounced.  Another  argument  for  this  hypothesis 
is  relative  stable  intensity  of  the  -eold”  line,  which  is  also  noticeably  differs  from  the  situation 
in  pure  hydrogen  (see  Fig.5. 1.2.2).  Relatively  constant  intensity  of  the  -eold”  line  during  the 
cycle  can  be  also  explained  by  higher  contribution  of  the  cold  gas  to  total  signal.  Note,  that 
narrow  line-width  of  this  cold  line  undoubtedly  proves  the  fact  that  gas  inside  the  chamber  with 
low  total  pressure  is  responsible  for  the  absorption  signal.  The  water  vapors  in  ambient 
laboratory  atmosphere  would  provide  much  broader  line. 

The  analysis  of  the  experimental  absorption  spectra  detected  on  IADT-50  and  their  data 
processing  were  performed  in  two  steps.  For  the  quick  semi-quantitative  estimation  of  the  gas 
temperature  the  special  software  for  preliminary  processing  was  designed.  More  precise  data 
were  obtained  at  the  next  step  using  the  developed  program  of  the  transient  spectra  fitting. 
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Firstly,  the  file  of  raw  data  is  transfonned  into  a  2D  image.  This  procedure  greatly 
simplifies  the  general  overview  of  the  data  and  selection  of  the  most  important  periods  of  the 
combustion  process.  In  the  following  steps  only  the  periods  containing  important  information 
are  processed.  The  algorithm  used  for  the  digital  processing  of  the  2D  images  is  based  on  the 
ImageJ  software.  The  example  of  such  processing  of  the  run  5  from  30.06.2010  is  shown  in 
Fig.5. 1.3.3. 


Fig5 .1.3.3.  2D  image  of  a  particular  run  (left)  and  experimental  spectra  integrated  over  100 
diode  laser  scans  of  the  same  run  (right).  Fuel  -  ethylene. 

Left  figure  shows  a  2D  image  of  the  absorption  spectra  detected  during  the  first  300  ms  of 
the  run.  The  2D  image  is  constructed  from  the  individual  spectrum  in  successive  scans.  In  each 
scan  the  diode  laser  (DL)  intensity  varies  according  to  the  variation  of  the  injection  current 
(linear  ramp)  and  H2O  absorption  when  the  DL  wavelength  coincides  with  the  wavelength  of 
the  absorption  line.  In  the  image  presented  the  frequency  v  of  DL  radiation  increases  from  left 
to  right  (x  axis).  All  scans  are  arranged  one  below  the  previous  one  with  the  number  of  the 
scan  n  increasing  from  top  to  bottom  (y  axis).  Thus  constructed  picture  presents  a  2D  image  of 
the  time  development  of  the  absorption  spectra  of  the  probed  zone.  The  interval  of  DL 
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frequency  tuning  (axis  x)  is  about  0.8  cm'1,  the  full  duration  of  one  scan  is  about  830  ps,  the 
duration  of  the  presented  part  of  the  scans  (axis  v)  is  about  300  ms.  The  software  allows  one  to 
select  and  process  any  part  of  the  image  (time  interval)  and  to  average  any  number  of  scans. 

The  absorption  lines  are  well  seen  in  the  2D  image  as  the  light  vertical  stripes.  The  different 
phases  of  the  combustion  evolution,  denoted  by  the  digits  (1-3)  can  be  distinguished.  Right 
figures  present  the  FEO  absorption  spectra  reconstructed  from  the  2D  image  in  the  left  figure. 
These  spectra  are  the  result  of  averaging  over  100  scans  in  three  different  characteristic 
intervals  of  the  run.  During  the  time  interval  labeled  by  1  the  zone  of  observation  is  filled  with 
air  at  room  temperature.  The  -eold”  line  7189.344  cm'1  and  -warm”  line  7189.541  cm'1  is  well 
seen  both  in  the  image  and  in  the  spectra.  About  ~  1 10  ms  after  the  beginning  the  discharge  is 
ignited  and  ~  20  ms  later  the  fuel  is  injected.  The  combustion  process  starts  at  this  moment  and 
the  temperature  increases.  The  temperature  increase  is  well  illustrated  by  the  increase  of  the 
H2O  -warm”  line  7189.541  cm  1  and  appearance  of  the  -hot”  line  7189.715  cm'1.  In  the  same 
period  the  -eold”  line  7189.344  cm'1  decreases.  This  structure  of  the  spectra  remains  over  a 
time  interval  of  ~  50  ms  when  the  combustion  is  sustained  (interval  2  in  both  figures).  After  the 
plasma  is  switched  off  the  combustion  rapidly  ends  and  the  water  temperature  decreases 
(interval  3). 

The  potentials  of  the  designed  software  for  the  fast  quasi-on-line  evaluation  of  the  transient 
absorption  spectra  are  presented  in  Fig. 5. 1.3. 4. 


Fig5. 1.3.4.  Experimental  (a,  c)  and  simulated  (b,  d)  absorption  spectra. 
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The  software  designed  allows  on-line  simulation  of  the  FFO  absorption  lines  for  a  given 
static  pressure  and  any  gas  temperature.  After  each  run  both  experimentally  detected  and 
simulated  spectra  are  displayed  on  the  PC.  An  operator  just  smoothly  varies  the  temperature  for 
simulated  spectra  using  function  keys  on  the  computer  keyboard  and  visually  compares 
amplitudes  of  the  experimental  and  simulated  lines.  At  this  stage  the  influence  of  the  variations 
of  total  pressure  and  concentration  of  water  vapors  on  line  broadening  is  not  taken  into 
consideration  and  gas  temperature  is  estimated  only  by  the  ratio  of  the  line  amplitudes,  but  not 
by  the  integrals. 

This  fast  on-line  evaluation  of  the  gas  temperature  greatly  simplifies  the  optimization  of 
the  experimental  parameters  of  the  IADT-50  set-up.  The  spectra  shown  in  Figure  2  were 
detected  for  two  different  regimes  -  (a)  pure  ethylene  fuel  -  run  10  from  07.07.2010  and  (c) 
mixture  ethylene -hydrogen  -  run  12  from  the  same  date.  Evidently,  the  structure  and  relative 
intensities  of  the  absorption  lines  dramatically  differ  for  two  regimes,  which  results  in  quite 
different  estimated  temperatures  -  390  K  and  800  K,  respectively. 

More  precise  off-line  evaluation  of  the  gas  parameters  are  conducted  at  the  second 
stage.  The  spectra  detected  were  processed  using  the  software  developed  for  explicit  evaluation 
of  the  gas  parameters.  Main  ideas  of  the  algorithm  are  described  above.  Full  processing  was 
provided  for  the  time  interval  from  166  ms  to  208  ms  (DL  scans  from  400  to  500)  from  the 
beginning  of  the  run.  For  all  experimental  parameters  tested  for  ethylene  combustion  the  gas 
temperatures  did  not  exceed  500  K,  thus  for  precise  temperature  evaluation  the  -tow 
temperature”  lines  7189.344  cm"1  and  7187.541  cm"1  were  used.  The  temperature  and  water 
vapor  concentration  inferred  from  the  spectra  in  Figure  1  (time  interval  2)  were  485  K  and 
5x10  cm"  ,  respectively. 

The  representative  set  of  the  measurements  of  temperature  and  water  vapor  concentration  by 
DLAS  technique  are  summarized  in  following  tables.  The  parameters  of  gas  flow  in  different 
zones  downstream  the  igniting  electrodes  were  inferred  from  the  experimental  absorption 
spectra  using  the  developed  fitting  procedure.  The  data  from  HITRAN-2008  base  were  used. 
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Table5. 1.3.1.  Fuel  -  hydrogen 

Temperature  and  concentration  of  the  FFO.  Results  obtained  using  two  -eold”  lines: 
vi=7189.34  cm'1,  V2=7 189.54  cm'1. 

x  -  horizontal  coordinate  of  the  probing  zone  from  the  electrodes;  z  -  vertical  coordinate  of  the 
probing  zone  from  the  top  wall  of  the  aerodynamic  duct;  a  -  distance  from  the  electrodes  to  the 
vertex  of  the  window  angle.  For  Window  2-10  mm,  for  Window  3-160  mm. 

Beam  crosses  the  duct  in  horizontal  plane  at  some  angle,  so  the  position  of  the  exit  is  shifted 
from  the  entrance  by  10  mm.  It  means  that  median  x-coordinate  of  the  beam  is  defined  by  the 
following  equation:  x  =  a  +  xexit  ±  5mm 


1)  Section  Window  2,  point  10:  x  =  10mm  +  10mm  -  5mm  =  15mm. 


z,  mm 

1 

2 

3 

4 

5 

6 

13.05 
run  1 

13.05 
run  2 

13.05 
run  3 

13.05 
run  4 

13.05 
run  5 

13.05 
run  8 

13.05 
run  9 

T,  K 

475 

508 

469 

379 

359 

332 

320 

Pmo,  Torr 

1.9 

1.6 

1.5 

1.4 

1.6 

1.4 

n,  1 0 1 6  cm"J 

3.6 

3.4 

3.9 

3.8 

4.6 

4.3 

2)  Section  Window  2,  point  09:  x  =  10mm  +  18mm  -  5mm  =  23mm. 


z,  mm 

1 

5 

7 

12.05 
run  20 

12.05 
run  22 

12.05 
run  23 

T,K 

571 

379 

331 

Pmo,  Torr 

5.8 

2.9 

2.2 

n,  1 0 1 6  cm"J 

10 

7.5 

6.5 

3)  Section  Window  2,  point  08:  x  =  10mm  +  25mm  -  5mm  =  30mm. 


z,  mm 

1 

4 

5 

6 

8 

12.05 
run  13 

12.05 
run  14 

12.05 
run  15 

12.05 
run  16 

12.05 
run  17 

12.05 
run  18 

T,  K 

664 

448 

419 

462 

380 

313 

Pmo,  Torr 

10 

4.4 

5.4 

4.1 

3.1 

1.4 

n,  10 16  cm'3 

15 

9.4 

12 

8.5 

7.8 

4.3 

4)  Section  Window  2,  point  07:  x  =  10mm  +  39mm  +  5mm  =  54mm. 


z,  mm 

3 

6 

8 

12.05 
run  3 

12.05 
run  4 

12.05 
run  12 

12.05 
run  8 

T,K 

951 

1142 

732 

477 

Pmo,  Torr 

31 

33 

14 

6.8 

n,  10 16  cm'3 

29 

27.5 

18 

14 

Project  #  3057p 


Final  Project  Technical  Report 


Page  97  / 148 


5)  Section  Window  2,  point  1 1 :  x  =  10mm  +  49mm  +  5mm  =  64mm. 


z,  mm 

6 

8 

10 

12 

13.05 
run  12 

13.05 
run  13 

13.05 
run  14 

13.05 
run  15 

T,  K 

580 

440 

354 

347 

Pmo,  Torr 

3.6 

5.8 

1.2 

1.0 

n,  1 0 1  cm"3 

6.0 

13 

3.3 

2.8 

6)  Section  Window  2,  point  03:  x  =  10mm  +  58mm  +  5mm  =  73mm. 


z,  mm 

1 

6 

04.05 
run  04 

04.05 
run  07 

T,  K 

1018 

462 

Pmo,  Torr 

29 

6.9 

n,  1 0 1  cm"J 

28 

14 

7)  Section  Window  3,  point  02:  x  =  160mm  +  00mm  -  5mm  =  155mm. 


z,  mm 

1 

6 

11 

16 

21 

26 

31 

30.04 
run  13 

30.04 
run  15 

30.04 
run  20 

30.04 
run  21 

30.04 
run  22 

30.04 
run  23 

30.04 
run  24 

T,K 

595 

650 

603 

516 

440 

472 

328 

Pmo,  Torr 

15 

15 

13 

8 

4.5 

11 

8.5 

n,  1 0 1 6  cm"J 

25 

23 

20 

15 

9.9 

3.2 

2.5 

8)  Section  Window  3,  point  01:  x  =  160mm  +  60mm  +  5mm  =  225mm. 


z,  mm 

2 

7 

12 

17 

22 

27 

32 

30.04 
run  3 

30.04 
run  4 

30.04 
run  5 

30.04 
run  6 

30.04 
run  8 

30.04 
run  11 

30.04 
run  12 

T,  K 

540 

576 

529 

473 

425 

353 

300 

Pmo,  Torr 

12 

13 

10 

9 

6.2 

4.7 

1.5 

n,  1 0 1 6  cm"J 

22 

21 

19 

19 

14 

13 

4.9 
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Table  5. 1.3.2.  Fuel-hydrogen 

x  -  horizontal  coordinate  of  the  probing  zone  from  the  electrodes;  z  -  vertical  coordinate  of  the 
probing  zone  from  the  top  wall  of  the  aerodynamic  duct; 


1).  z  =  4  mm.  Distribution  of  the  H2O  parameters  at  constant  z  along  the  x-axis. 


x,  mm 

40 

43 

46 

49 

54 

59 

64 

66 

Run  N° 

3 

4 

5 

6 

7 

8 

9 

10 

Averaging 

350- 

350- 

350- 

350- 

350- 

350- 

350- 

350- 

range,  scans 

400 

400 

400 

400 

400 

400 

400 

400 

T,  K 

978 

947 

1105 

1058 

1007 

953 

1025 

1010 

P] H20?  Torr 

19 

18 

24 

22 

22 

23 

21 

20 

n,  1  Olf)cm~J 

19 

18 

21 

20 

21 

23 

20 

19 

P total;  Torr 

200 

190 

155 

141 

161 

181 

154 

146 

2)  z  =  4  mm;  x 

=  64  mm.  FFO  parameters  at  one  point  depending  on  fuel  mass  flow. 

Ap,  Torr 

0,0075 

0,15 

0,25 

0,32 

Run  N2 

12 

18 

19 

20 

Averaging 

350- 

321- 

320- 

321- 

range,  scans 

400 

470 

327 

324 

T,  K 

1061 

800 

1040 

1245 

Pmo,  Torr 

16 

12 

26 

37 

n,  1 0lf)cm"J 

15 

15 

23 

29 

Pto tai,  Torr 

135 

170 

108 

97 
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Table  5. 1.3.3.  Fuel  -  ethylene  (June  2010  — eold”  combustion) 

x  -  horizontal  coordinate  of  the  probing  zone  from  the  electrodes;  z  -  vertical  coordinate  of  the 
probing  zone  from  the  top  wall  of  the  aerodynamic  duct; 


1)  x  =  40  mm. 


z,  mm 

2 

3 

4 

5 

6 

30.06 
run  5 

30.06 
run  2 

30.06 
run  6 

30.06 
run  7 

30.06 
run  8 

T,K 

485 

427 

386 

345 

284 

P H20?  Torr 

2.5 

2.2 

2 

1.6 

1 

n,  10lbcm° 

5 

5 

4.9 

4.4 

3.4 

2)  x  =  1 63mm. 


z,  mm 

4 

9 

14 

19 

24 

30.06 
run  18 

30.06 
run  20 

30.06 
run  21 

30.06 
run  23 

30.06 
run  24 

T,K 

363 

359 

350 

329 

294 

Pmo,  Torr 

3.1 

2.7 

2.7 

2.5 

1.8 

n,  10lb  cm'3 

8.2 

7.2 

7.5 

7.4 

5.8 

3)  x  =  220  mm. 


z,  mm 

2 

3 

4 

6 

8 

10 

12 

14 

30.06 
run  10 

30.06 
run  1 1 

30.06 
run  12 

30.06 
run  13 

30.06 
run  14 

30.06 
run  15 

30.06 
run  16 

30.06 
run  17 

T,K 

379 

382 

379 

369 

360 

340 

312 

299 

Pmo,  Torr 

3.3 

3,3 

2.9 

3.1 

2.8 

2.7 

2 

2.1 

n,  10lb  cm'3 

8.5 

8.4 

7.4 

8.1 

7.4 

7.8 

6.1 

6.9 

4)  z  =  4  mm. 


x,  mm 

40 

50 

60 

70 

158 

168 

178 

188 

198 

28.06 
run  09 

28.06 
run  08 

28.06 
run  06 

28.06 
run  04 

22.06 
run  08 

22.06 
run  09 

22.06 
run  1 1 

22.06 
run  13 

22.06 
run  14 

T,  K 

348 

374 

406 

424 

376 

375 

374 

360 

365 

Pm o,  Torr 

1.6 

1.9 

2.1 

2.6 

2.3 

2,3 

2.2 

2.1 

2.2 

n,  1016  cm-3 

4.5 

4.9 

5 

5.9 

5.8 

5,9 

5.8 

5.7 

5.9 
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x,  mm 

16 

21 

26 

36 

46 

28.06 
run  13 

28.06 
run  14 

28.06 
run  15 

28.06 
run  16 

28.06 
run  17 

T,K 

284* 

346* 

369 

420 

459 

PH20,  Torr 

1* 

1.3* 

1.5 

1.8 

2.1 

n,  1 0 1 6  cm"3 

3.5* 

3.6* 

3.9 

4.1 

4.3 

x,  mm 

7]K 

PH2o,  Torr 
n.  10Ulcm  ’ 


40 

50 

60 

70 

i58 

i68 

1/8 

188 

28.06 
run  09 

28.06 
run  08 

28.06 
run  06 

28.06 
run  04 

22.06 
run  08 

22.06 
run  09 

22.06 
run  1 1 

22.06 
run  13 

348 

374 

406 

424 

376 

375 

374 

360 

1.6 

1.9 

2.1 

2.6 

2.3 

2,3 

2.2 

2.1 

4.5 

4.9 

5 

5.9 

5.8 

5,9 

5.8 

5.7 

z  =  5  mm. 


z  =  7  mm. 


x,  mm 

40 

50 

70 

28.06 

28.06 

28.06 

run  10 

run  1 1 

run  12 

T,K 

260 

287 

315 

253* 

254* 

297* 

Pmo,  Torr 

.65 

.54 

1.1 

.79* 

.8* 

1.1* 

n,  1 0 1 6  cm"J 

2.4 

1.8 

3.4 

3* 

3* 

3.5* 

z  =  8  mm. 
x,  mm 


158 

168 

178 

188 

198 

23.06 

23.06 

23.06 

23.06 

23.06 

run  08 

run  04 

run  03 

run  02 

run  01 

387 

383 

382 

381 

368 

387* 

386* 

381* 

378* 

370* 

2.4 

2.8 

2,9 

2.8 

3.1 

2.6* 

2.7* 

2.9* 

2.8* 

3.1* 

5.9 

7 

7.4 

7.1 

8 

6.5* 

6.8* 

7.4* 

7.2* 

8.1* 

z  =  14  mm. 


178 

188 

198 

23.06 

23.06 

23.06 

run  17 

run  15 

run  12 

362 

365 

357 

357* 

366* 

356* 

x,  mm 
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Pmo,  Torr 

2.6 

2.7* 

2.6 

2.7* 

2.9 

3* 

n,  10lbcm'3 

6.8 

7.2* 

7 

7* 

7.9 

8* 

10)  z  =  20  mm. 

x,  mm 

178 

184 

184 

z=26  mm 

23.06 
run  21 

23.06 
run  19 

23.06 
run  20 

T,K 

302 

301* 

314 

314* 

282 

280* 

Pmo,  Torr 

2 

1.9* 

2 

2* 

1.4 

1.3* 

n,  10lf,cm'3 

6.5 

6* 

6.1 

6.2* 

4.7 

4.6* 

Table5. 1.3.4.  Fuel  -  ethylene  (November  2010);  X=210mm 

Z,  mm 

11 

11 

11 

16 

16 

21 

26 

25.11 
run  04 

25.11 
run  05 

25.11 
run  06 

25.11 
run  07 

25.11 
run  08 

25.11 
run  10 

25.11 
run  12 

T,  K 

484 

464 

450 

485 

425 

500 

477 

PH20,  Torr 

3.9 

4.8 

5.2 

6.1 

3.6 

5.8 

3 

n,  10lb  cm'3 

8.2 

10 

10.9 

12.1 

6.2 

10.9 

6.4 

Example  of  the  spectra  processing  is  shown  in  Fig. 5. 1.3. 3  for  the  last  data,  see  Table  5. 1.3.4. 


Fig. 5. 1.3.3.  Spectra  of  the  H2O  molecule  in  the  7189.15-7189.65  cm'1  region,  normalized  to  the 

amplitude  of  the  line  at  7189.541  cm'.1 


Project  #  3057p 


Final  Project  Technical  Report 


Page  102/148 


Table5.1.3.5.  Fuel  -  ethylene  (December  2010);  X=] 

170mm 

Z,  mm 

22 

17 

12 

7 

7 

5 

10.12 

run  04 

10.12 

run  05 

10.12 

run  06 

10.12 

run  07 

10.12 

run  08 

10.12 

run  09 

T,  K 

340 

358 

390 

436 

375 

368 

Pm 0,  Torr 

2.5 

2.7 

3.9 

6.3 

3.3 

3.4 

n,  10 16  cm'3 

7.1 

7.2 

9.6 

14 

8.5 

8.8 

Example  of  the  spectra  processing  is  shown  in  Fig. 5. 1.3.4  for  the  last  data,  see  Table  5. 1.3.5. 


i 

O 


Wavenumber  (a.u.) 


Fig. 5. 1.3.4.  Spectra  of  the  H2O  molecule  in  the  7189.15-7189.65  cm'1  region,  normalized  to  the 

amplitude  of  the  line  [0,1]. 


Table  5. 1.3.6. 

Fuel  -  ethylene  (December  201 

0);  X=T57mm 

z,  mm 

3 

6 

9 

14 

19 

Run  N2 

13.12 

3 

13.12 

4 

13.12 

6 

13.12 

7 

13.12 

8 

T,  K 

446 

433 

446 

400 

366 

Pmo,  Torr 

6.1 

7.2 

4.8 

4 

3.1 

n,  1016cm'3 

13 

16 

10.4 

9.6 

8.2 

Table  5. 1.3.7. 

Fuel  -  ethylene  (December  201 

0);  X=70mm 

z,  mm 

3 

6 

9 

z=3; 

x=55 

Run  N« 

14.12 

3 

14.12 

5,7 

14.12 

9 

14.12 

12 

T,K 

670 

540 

413 

520 

Pmo,  Torr 

5.1 

6.3 

4.7 

n,  1016cm'3 

7.5 

13 

8.6 
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5.1.4.  Some  ideas  about  Y-inhomogeneity  of  gas  parameters 

As  was  already  pointed  out  the  developed  technique  and  algorithm  of  data  acquisition  give 
the  line-of-sight  values  for  the  temperature  and  FFO  concentration.  In  reality  both  parameters 
fluctuates  along  the  optical  path  inside  the  test  section.  It  means  that  the  line-shapes  and  widths 
of  water  molecules  depend  on  the  coordinate  along  the  beam.  The  used  above  technique  can 
only  provide  -averaged”  line  shapes  and  infer  -averaged”  temperature  and  water  concentration. 
But  in  the  case  of  exothennic  reaction  in  the  supersonic  flow  we  obtain  some  separated  zones 
with  different  temperatures  because  the  mixing  of  zones  is  slow  and  temperature  equalization 
is  taking  a  place  significantly  downstream  of  the  measuring  point. 

As  the  first  approach  a  two-zone  model  could  be  applied  for  an  analysis  of  Y-distribution  of 
the  gas  temperature.  The  experimental  spectrum  fsum(x)  obtained  in  this  case  is  approximately 
the  sum  of  -hot”  and  -eold”  zones  spectra  with  some  coefficients  A,  and  kc=l-k/,: 
fsum(x)  =ki, xfh(x) + (1  -kh)  yfc(x) ,  and  the  total  width  of  hot  zone  is  the  kh  x  72mm  (72  mm  is  the 
width  of  combustor).  Hot  spectrum  has  three  peaks  (see  Fig. 6a),  therefore  we  have  two  ratios 
of  line‘s  amplitude,  which  is  enough  to  describe  the  spectra  and  find  the  temperature.  Not  each 
pair  of  ratios  can  be  associated  with  definite  temperature. 

The  -eold”  spectrum  is  known  and  the  difference  between  fsum(x)  and  ( I-kh)  yf  (x)  can  be 
found  easily.  Then  the  kh  can  be  determined  in  range  from  0  to  1  by  accurate  fitting  of 
experimental  and  simulated  spectra.  Because  of  three  peaks  spectrum  is  used  in  experiments  it 
makes  possible  to  divide  spectrum  to  -eold”  and  -hot‘,  find  the  temperature  of  the  -hot”  part  of 
the  flow,  and  determine  the  total  width  of  this  area. 

The  typical  normalized  absorption  spectra  and  calculated  model  spectra  in  case  of  hydrogen 
are  shown  in  Fig.5.1.4.  Results  obtained  for  X=15mm  and  Z=2mm  give  for  hydrogen 
experimental  -hot”  temperature  -45  OK,  but  it  is  only  averaged  across  the  combustor 
temperature  value.  After  recalculation  the  -hot”  temperature  value  ~  1 300K  was  found, 
coefficients  kh  was  approximately  0.2.  This  example  shows  that  it  is  very  important  to  find 
recalculated  -hot”  spectrum  from  experimental  -hot”  and  -eold”  spectra,  because  there  is 
significant  difference  between  measured  averaged  temperature  and  the  temperature  of  heated 
(-hot”)  zone. 


Value 
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Fig. 5. 1.4.  a — eold”  experimental  (black)  310K  and  -hot”  calculated  (red)  1300K  spectra, 
b  — hot”  experimental  (black  with  red)  and  nearest  model  (black)  450K  spectra. 


Reference  to  sections  5.1.3  -5.1.4. 

1  -Control  of  Flow  Structure  and  Ignition  of  Hydrocarbon  Fuel  in  Cavity  and  behind 
Wallstep  of  Supersonic  Duct  by  Filamentary  DC  Discharge”,  Ed.  S.  Leonov,  Project  ISTC- 
EOARD-JIHT  RAS  #3057p,  The  4th  year  Report,  March,  2009. 

2  Leonov  S.  B.,  Carter  C.,  Savelkin  K.  V.,  Sermanov  V.  N.,  and  Yarantsev  D.  A., 
-Experiments  on  Plasma-Assisted  Combustion  in  M=2  Hot  Test-Bed  PWT-50H,”  46th 
AIAA  Aerospace  Sciences  Meeting  and  Exhibit  (Reno,  Nevada,  USA,  7-10  January  2008), 
AIAA-2008-1359. 

3  M.A.  Bolshov,  Y.A.  Kuritsyn,  V.V.  Liger,  V.R.  Mironenko,  S.B.  Leonov,  D.A.  Yarantsev, 
-Measurements  of  the  temperature  and  water  vapor  concentration  in  a  hot  zone  by  tunable 
diode  laser  absorption  spectrometry”,  Appl.  Phys.  B,  vol.  100,  2010,  p.  397. 
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5.2.  Analytical  and  Computational  support. 

Analysis  of  two-stage  scheme  of  plasma-enhances  combustion. 

5.2.1.  Numerical  analysis  of  nonequilibrium  plasma  effect  on  fuel  ignition. 

This  section  describes  the  method  and  basic  results  of  simulation  of  fuel  ignition  by  non¬ 
equilibrium  plasma.  With  respect  to  technical  simplicity,  combined  with  low  sensitivity  to  gas 
composition,  one  of  the  discharges  was  chosen  for  modeling,  namely:  transverse  glow 
discharge  in  airflow  [1-4],  which  can  be  considered  as  a  straightforward  extension  of  the 
conventional  low-pressure  glow  discharge  to  the  regime  of  high  atmospheric  pressure.  Specific 
electrode  construction,  in  combination  with  appropriate  gas  flow  and  distributed  ballast 
resistors,  stabilize  this  discharge  for  many  gas  mixtures.  Experimentally  achieved  efficiency 
for  energy  deposition  into  the  gas  is  not  less  than  90%. 

A  numerical  model  was  developed  combining  traditional  approach  of  thermal  combustion 
chemistry  with  advanced  description  of  the  plasma  kinetics  based  on  solution  of  electron 
Boltzmann  equation.  This  approach  allows  us  to  describe  self-consistently  strongly  non¬ 
equilibrium  electric  discharge  in  chemically  unstable  (ignited)  gas.  Our  model  includes  an 
electron  Boltzmann  equation  solver  calculated  in  parallel  with  kinetic  equations  for  charged 
particles,  excited  molecular  states,  ion-molecule  reactions  and  chemical  reactions.  Effect  of 
chemically  active  species  produced  in  the  discharge  on  ignition  delay  time  was  studied  for 
conditions  of  steady  state  glow  discharge  for  mixtures  of  hydrogen  and  ethylene  with  dry  air, 
while  effectiveness  of  pulse-periodic  discharge  in  shortening  ignition  time  was  explored  for 
hydrogen-air  stoichiometric  mixture  only. 

Simplified  schematic  of  combustion  sell  is  shown  in  Fig.5.2.1.1.  Calculations  were 
performed  for  the  supersonic  flow  with  Mach  number  M=2.5,  static  pressure  Pst=lBar,  static 
temperature  T=700K,  distance  along  flow  up  to  90cm  for  the  hydrogen  and  ethylene  mixed 
with  dry  air  at  varied  energy  input  into  the  gas  flow  for  stoichiometric  compositions. 


Gas  flow  M  =  2.5  L  ~  90  cm,  x  ~  0.7  ms 


Fig.5.2.1.1.  Simplified  schematic  of  combustion  cell. 
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Fig. 5. 2. 1.2.  Electron  scattering  cross  sections  for  C2H4. 

The  numerical  model  includes  a  system  of  kinetic  equations  for  gas  and  plasma  species, 
both  charged  and  neutral.  Ion  heating  in  electric  field  resulting  in  increase  of  their  temperature 
was  taken  into  account,  too.  Rate  coefficients  for  processes  involving  electrons  were  calculated 
from  parallel  solution  of  electron  Boltzmann  equation  in  a  two-tenn  approximation.  In 
numerical  simulations  evolution  of  a  gas  portion  transported  by  the  flow  was  followed.  Most 
calculations  were  done  in  suggestion  of  constant  density.  To  prove  those  results  in  some  cases 
the  variation  of  gas-dynamic  parameters  along  flow  was  taken  into  account  as  1-D  model. 
Numbers  of  reactions  were  (H2/C2H4):  26/30  processes  involving  electrons  [5],  108/105  ion- 
molecular  reactions  [5],  92/294  neutral  chemistry  reactions  [6],  51/80  total  amount  of  species. 
The  existing  database  for  electron  scattering  cross  sections  was  extended  to  include  electron 
scattering  processes  for  ethylene  molecules.  The  selected  cross  sections  are  shown  in 
Fig.5.2.12.  Two  vibrational  modes  and  two  electronic  excited  levels  are  included  in  the  model. 
Single-channel  dissociation  and  electron-impact  ionization  are  considered,  as  well. 

An  effect  of  energy  input  variation  is  illustrated  in  Fig. 5. 2. 1.3  for  the  ethylene-based 
mixture.  As  expected,  the  higher  is  the  energy  input,  the  shorter  is  the  ignition  time.  Thermal 
and  discharge  ignitions  were  induced  by  depositing  equal  amounts  of  energy  for  the  same  time 
into  the  gas  flow.  The  reduction  of  the  ignition  time  at  discharge  initiation  in  comparison  with 
thermal  heating  is  clearly  seen  in  Fig. 5. 2. 1.4  for  hydrogen  and  ethylene-air  mixtures.  In 
accordance  with  expectation  the  hydrogen  requires  considerably  less  value  of  energy 
deposition. 
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Along  with  cw  glow  discharge  ignition  of  mixtures  fueled  by  hydrogen,  numerical 
simulations  were  made  to  evaluate  in  what  degree  the  pulse  discharge  is  more  effective  for 
initiation  of  combustion.  Generally  speaking,  it  is  clear  that  pulse  discharges  can  realize  higher 
values  of  E/N  parameter  when  production  of  radicals  in  plasma  is  more  effective.  However,  to 
hold  flame  in  the  supersonic  duct  it  is  necessary  to  realize  pulse-periodic  operation  of  the 
discharge.  It  is  important  to  compare  time-averaged  characteristics  of  steady  current  and  pulse- 
periodic  discharges.  For  such  studies  we  select  for  numerical  simulations  of  reasonably  short 
pulse  discharges  technically  available  in  the  range  of  a  few  microseconds.  It  was  assumed  that 
the  discharge  area  extends  uniformly  over  the  transverse  width  of  the  gas  dynamic  duct  and 
some  size  along  the  flow.  The  energy  input  in  one  pulse  was  varied.  As  a  reference  points, 
ignition  times  were  calculated  also  for  the  thermal  initiation  with  the  same  energy  input  as  in 
the  discharge.  It  was  considered  that  the  pulse  discharge  is  indeed  more  effective  (shorter 
ignition  time  at  the  same  energy  input),  but  the  effect  is  comparatively  weak  (about  20% 
difference  in  required  energy  input). 

The  simulation  of  pulse  discharge  gives  some  extra  benefit  in  terms  of  power  release.  The 
Table  5.2.1  presents  the  data  obtained  by  simulations  in  the  most  condensed  form. 


Fig.5.2.1.3.  Gas  temperature  evolution  for  variable  energy  input.  C2H4:02:N2=1:3:12.  P=latm, 

T=700K. 
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Fig. 5. 2. 1.4.  Ignition  times  at  thermal  and  discharge  initiation  for  FF  and  C2H4  fuels.  P=latm, 
T=700K.  Comparison  of  1-D  gasdynamic  model  and  constant  density  approach. 


Table  5.2.1.  Power  benefit  predicted  for  the  fast  ignition  (Tg=700K,  P=lBar,  Air,  C2H4). 


Mode, 

Heating 

DC 

Pulse 

Pulse 

Tign=600ps 

5ps 

10ns 

W/G,  J/g 

520 

265 

230 

210 
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5.2.2.  Two-stage  scheme  of  plasma-based  flameholding. 

Two-stage  mechanism  of  Plasma-Assisted  Combustion  was  announced  recently  by  G. 
Mungal,  M.  Cappelli  with  coauthors  for  convective  flame  [1-2],  and  by  S.  Leonov,  V. 
Sabelnikov  with  coauthors  for  supersonic  non-premixed  flame  [3-4],  The  idea  may  be  briefly 
described  as  follows:  in  case  of  hydrocarbon  fueling  and  low  temperature,  flame  stabilization 
by  non-equilibrium  plasma  occurs  by  means  of  a  two-step  process.  During  the  first  step  the 
plasma  induces  active  radicals  production  and  so-called  -preflame”  (or  fuel  reforming  in 
terms  of  Stanford‘s  team),  which  may  be  simplified  as  production  of  FL,  CFLO,  and  CO.  In 
spite  of  bright  luminescence,  this  zone  does  not  experience  significant  temperature  and 
pressure  increase.  This  -preflame”  or  -eool  flame”  [5-7]  appears  as  a  source  of  active 
chemical  species  that  initiates  (under  favorable  conditions)  the  second  step  of  normal  -Trot” 
combustion,  characterized  by  high  temperature  and  pressure  rise.  Now  this  idea  is  promoted 
as  one  of  the  most  important  features  of  plasma  method  for  the  combustion  enhancement. 

It  should  be  noted,  that  the  two-zone  mechanism  of  fuel  ignition  at  low  and  moderate  initial 
gas  temperatures  is  not  a  specific  feature  of  the  plasma-assisted  chemical  processes.  The 
overview  of  Sokolik  [6]  contains  an  excellent  discussion  of  cold  ignition  and  its  role  in  the 
ignition  process  of  heavy  hydrocarbon  fuels  for  internal  combustion  engines.  In  our  case, 
generation  of  a  notable  amount  of  active  chemical  species  by  nonequilibrium  plasma  in  air-fuel 
mixtures  is  the  main  cause  for  the  two-zone  mechanism.  To  illustrate  this  statement,  we 
performed  numerical  simulations  of  the  problem  with  following  simplifications  (in  comparison 
with  experiment):  1)  isochoric  ignition  of  premixed  ethylene-air  mixture  2)  filamentary  gas 
discharge  was  replaced  by  a  uniform  glow  discharge.  Gas  residence  time  within  experimental 
discharge  zone  is  about  0.1  ms.  The  time  interval  in  the  numerical  model  was  about  0.1  ms, 
which  corresponds  to  the  residence  time  within  experimental  discharge  zone. 

Our  physical-chemical  model  is  a  consistent  combination  of  two  approaches  [8]:  classical 
thermal  combustion  theory  (GRI  Mech3  combustion  mechanism)  and  glow  discharge  plasma 
kinetics.  The  equations  of  thermal  and  plasma  chemistry  are  solved  in  isochoric  approximation 
in  parallel  with  the  Boltzmann  equation  for  the  electron  energy  distribution  function.  It  was 
shown  in  [9]  that  isochoric  model  is  in  a  satisfactory  agreement  with  results  computed  in  frame 
of  a  system  of  ID  gas-dynamic  equations  in  a  plug  flow  model.  GRI  Mech3  combustion 
mechanism  is  widely  used,  its  applicability  is  proven  at  temperatures  higher  than  about  1 100  K. 
Plasma  kinetic  model  was  validated  for  low  temperature  300  K  atmospheric  pressure  glow 
discharge  in  air  [10].  This  model  includes  evolution  equations  for  charged  particles1  densities, 
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excited  atom  and  molecules1  densities,  and  electric  circuit  equation.  Additional  cross  sections 
for  electron  scattering  from  C2H4  molecules  were  taken  from  [11]. 


Fig. 5. 2.2.1.  Calculated  evolution  of  gas  temperature  at  three  different  initial  temperatures:  1,  2 
-  800  K,  3  -  700  K,  4  -  600  K;  1,  3,  4  -plasma  induced  ignition,  2  -  heating  induced  ignition. 

Input  energy  is  300  J/g.  Discharge  or  heating  time  is  0.1  ms. 

In  this  section  we  present  the  result  of  simulations,  which  clearly  illustrates  the  two-zone 
mechanism  of  plasma-assisted  ignition.  Fig.5. 2.2.1  shows  the  gas  temperature  evolution  during 
ignition  process  of  ethylene  for  three  different  initial  mixture  temperatures:  600K,  700K  and 
800K.  For  comparison,  the  gas  temperature  evolution  induced  by  thennal  heating  equivalent  to 
total  discharge  energy  input  (300  J/g)  at  the  initial  gas  temperature  800  K  is  shown.  At  initial 
temperatures  600  and  700  K  (curves  3  and  4)  there  exists  post  discharge  zone  (>0.1  ms)  with 
slow  growth  of  the  gas  temperature  finishing  with  explosion-like  growth  corresponding  to 
thermal  combustion.  Duration  of  this  zone  diminishes  strongly  at  initial  temperature  increase. 
The  decisive  role  of  the  discharge  in  ignition  is  clearly  seen  when  comparing  data  for  initial  gas 
temperature  800  K  for  plasma-assisted  and  thermal  initiation  of  combustion  (curves  1  and  2). 

It  is  expected  that  for  homogeneous  distribution  non-equilibrium  plasma  discharge 
diminishes  the  energy  needed  to  initiate  the  combustion  [9-11].  The  threshold  energy  was 
calculated  in  [1 1  see  also  section  5.2.1]  for  initiating  homogeneous  plasma  combustion  of  the 
premixed  ethylene-air  mixture  in  conditions  typical  for  scramjet.  The  threshold  energy  was 
about  210  J/g.  This  large  value  requires  a  powerful  electricity  source.  One  of  the  ways  to 
reduce  the  threshold  energy  is  to  use  the  non-homogeneous  discharge  allowing  you  to  utilize 
the  chemical  energy  released  in  the  large  energy  input.  If  the  non-uniform  plasma  discharges  is 
used  to  initiate  the  ethylene-air  mixtures  combustion,  the  specific  energy  for  ignition  was 
shown  in  [4]  to  be  several  times  less  than  in  the  case  of  homogeneous  discharge. 
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Characteristic  feature  of  plasma  ignition  is  the  oxygen  atoms  production  during  the 
discharge  and  after  its  termination.  Main  mechanisms  of  the  atomic  oxygen  production  are  the 
molecular  oxygen  dissociation  in  collisions  with  electronically  excited  nitrogen  molecules  and 
dissociation  of  oxygen  molecules  by  the  electrons  of  the  plasma.  After  generation  the  oxygen 
atoms  quickly  react  with  the  ethylene  molecules.  Intermediate  compounds  CO,  CFEO,  CFECO, 
etc  are  produced  in  the  process  of  chemical  reaction.  At  low  energy  input,  this  stage  lasts  a 
long  time.  After  a  certain  period  of  time  the  rapid  process  of  ignition  (second  stage)  starts, 
which  results  in  complete  combustion. 

The  process  of  ignition  is  usually  described  in  the  various  mechanisms  of  combustion, 
for  example,  GRI  3.0,  Konnov,  UBC  2.0.  These  mechanisms  are  verified  for  burning  at  high 
temperatures.  Generation  of  radicals  at  low  temperatures,  even  in  the  presence  of  chain 
reactions,  results  in  so  large  values  of  the  induction  time  that  the  process  of  inflammation 
becomes  random  with  a  huge  spread  of  the  induction  time.  Therefore,  the  question  of  their 
fitness  at  lower  temperatures  is  still  open.  Excitation  of  a  mixture  by  the  discharge  produces 
high  concentration  of  radicals,  which  diminishes  strongly  fluctuation  values,  so  that  the  time  of 
induction  is  a  well-defined  quantity.  The  correctness  of  the  description  of  this  stage  depends  on 
the  values  of  constants  used  in  chemical  reactions  involving  radicals,  generated  by  the 
discharge. 

The  growth  of  the  gas  temperature  for  the  conditions  of  scramjet  has  been  studied  in 
[11]  for  different  deposited  energy  inputs  in  the  discharge.  The  increase  in  temperature  was 
found  to  have  a  two-stage  character.  The  aim  of  this  work  is  to  study  the  stages  of  plasma 
initiation  by  varying  the  initial  composition  of  the  gas  mixture  and  the  parameter  E/N  (E  is 
electric  field,  N  is  the  density  of  neutral  particles),  which  can  be  varied  in  the  given  range  by 
using  different  types  of  discharge.  We  study  the  predicted  induction  time  variation  due  to 
different  combustion  models  usage. 

Calculations  were  performed  using  the  Chemical  WorkBench  (CWB)  [13],  which 
implements  the  solution  of  chemical  and  ion-molecular  kinetics  equations  together  with  the 
Boltzmann  equation  for  electron  energy  distribution  function  and  the  equation  for  the 
translational  gas  temperature.  Ignition  of  ethylene-air  mixture  in  the  channel  scramjet  was 
described  in  the  plug  flow  approximation  at  the  constant  volume.  Such  an  approximation  gives 
similar  results  for  the  induction  time  in  comparison  with  the  solution  of  the  full  system  of 
equations  of  the  stationary  one-dimensional  gas  dynamics  [14].  Calculations  were  performed 
using  various  mechanisms  of  combustion. 
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Calculations  were  carried  out  for  the  expected  conditions  of  scramjet  combustion 
chamber:  the  initial  temperature  of  700  K  and  static  pressure  of  1  atm.  The  dependence  of  the 
induction  time  on  the  value  of  E/N  in  the  discharge  is  shown  at  variable  gas  composition  (ER) 
in  Fig. 5. 2.2. 2a.  Optimum  for  E/N  is  due  to  the  presence  of  a  maximum  in  the  part  of  the 
electron  energy,  which  is  used  for  the  radicals  production.  The  induction  time  dependencies  on 
the  mixture  composition  are  compared  in  Fig. 5. 2. 2.2b  for  discharge  and  thermal  initiation  (ER 
=  1  corresponds  to  the  stoichiometric  mixture).  Note,  that  the  thermal  energy  input  is  greater 
than  the  discharge  energy  about  2.5  times.  Such  a  choice  is  made  to  ensure  that  the  induction 
times  were  of  the  same  order. 


Fig.5.2.2.2.  Dependence  of  the  induction  time  on  the  E/N  for  different  mixtures  C2H4  -  air  (a); 

for  discharge  and  thermal  initiation  (b). 

In  addition,  calculation  with  different  mechanisms  of  combustion  was  found  to  results 
in  a  spread  in  several  times  of  the  intermediate  products  concentrations  in  the  first  stage.  It  is 
shown  that  the  difference  in  the  calculated  values  of  the  threshold  energies  for  various 
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mechanisms  of  combustion  significantly  is  greater  in  plasma  initiation  than  in  the  heat 
initiation. 


P0  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  Air-C2H4,  ER  =  1 


Fig. 5. 2.2. 3.  Dynamics  of  gas  temperature.  Po  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  AR-C2FI4, 

ER  =  1. 


Fig. 5. 2.2. 4.  Dynamics  of  water  vapors  concentration.  P0  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td, 

AR-C2H4,  ER  =  1. 
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Fig. 5. 2.2. 5.  Species  concentration  at  — ©Id”  stage.  Po  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  Air- 


C2H4,  ER=  1,T  =  700K. 


Fig.5.2.2.6.  Concentration  of  main  diagnostable  species.  Po  =  1  atm,  E  =  225  J/g,  E/N  =  200 

Td,  Air-C2H4,  ER  =  1. 
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P0  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  Air-C2H4,  Tq  =  700  K 


Fig.5.2.2.7.  Gas  temperature  at  ER  variation.  Po  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td,  Air-C2Fl4, 

To  =  700K. 


Fig. 5. 2.2. 8.  Dynamics  of  water  vapors  concentration.  P0  =  1  atm,  E  =  225  J/g,  E/N  =  200  Td, 

Air-C2H4,  T0  =  700  K. 
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Fig.5.2.2.9.  Gas  temperature  at  pressure  variation.  T0  =  700  K,  E  =  225  J/g,  E/N  =  200  Td, 

Air-C2H4,  ER  =  1. 


Fig.5.2.2.10.  Dynamics  of  water  vapors  concentration,  pressure  effect.  ER  =  1,  E  =  225  J/g, 

E/N  =  200  Td,  Air-C2H4,  T0  =  700  K. 
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Fig.5.2.2.10.  Comparison  of  heat-based  ignition  and  ignition  by  O  atoms  due  to  different 
combustion  models.  P  =  1  atm,  Air-CiFLt,  ER  =  1,  To  =  700  K. 

C  H  -Air,  ER  =  1,  P  =1  atm,  T  =  700  K,  Kintech,  N  =  const 

2  4’  ’  o  ’  0  ’  ’ 


Fig. 5. 2.2.1 1.  Comparison  of  heat-based  ignition,  glow  discharge  ignition,  and  ignition  by  O 
atoms.  P  =  1  atm,  Air^FU,  ER  =1 ,  T0  =  700  K. 

Main  idea  pushed  forward  by  the  last  efforts  is  that  the  plasma  assistance  for  combustion 
enhancement  occurs  on  sophisticated  multistage  manner.  Under  some  conditions  the  multistage 
combustion  is  observed  without  plasma  of  electrical  discharge;  see  [5-6]  for  example.  But  at 
the  plasma  assisted  combustion  the  kinetic  mechanism  of  ignition  looks  to  be  principally 
multistage  (at  least,  two  stages)  process,  as  it  is  pointed  in  some  last  publications.  To  prove 
such  a  mechanism  of  combustion  the  diode  laser  absorption  spectroscopy  (DLAS)  is  applied 
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for  the  remote  measurement  of  temperature,  total  pressure  and  concentration  of  water  vapor 
(see  section  5.1). 
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5.2.3.  Numerical  analysis  of  fuel  ignition  by  filamentary  plasma.  Mixing  effect. 

Such  parameters  of  a  discharge  as  E/N  (E  is  the  electric  field  strength,  N  is  the  gas  number 
density)  and  electric  current  density  or  electron  number  density  are  strictly  correlated  by 
discharge  nature.  In  order  to  find  rates  of  processes  involving  electrons  it  is  necessary  to 
address  the  electron  Boltzmann  equation  where  from  the  electron  energy  distribution  function 
(EEDF)  could  be  calculated.  To  account  properly  excitation  and  dissociation  of  molecules  in 
the  discharge  one  has  to  guarantee  acceptable  accuracy  of  electron  scattering  cross  sections 
used  in  the  model.  The  key  criterion  for  evaluation  of  their  accuracy  is  a  good  agreement 
between  calculated  and  available  measured  transport  and  kinetic  coefficients  for  each 
component  of  the  gas  mixture.  Traditionally,  a  set  of  cross  sections  for  a  given  species,  which 
satisfies  this  criterion,  is  called  the  =self-consistent‘  set. 

Actually,  development  of  a  non-thermal  discharge  with  required  characteristics  in  high¬ 
speed,  high-pressure  supersonic  gas  flow  is  questionable.  As  was  noted  by  authors  [1-2],  there 
are  experimental  data  indicating  that  plasma  chemical  conversion  of  methane  is  more  effective 
when  discharges  have  filamentary  form.  We  anticipate  that  usage  of  non-uniform  (filamentary) 
plasma  may  accelerate  essentially  ignition  of  premixed  fuel  -  air  flows. 

One  of  the  most  attractive  schemes  of  the  ignition  of  combustible  mixture  is  figured  as  a 
system  of  filamentary  discharge  located  periodically  in  front  direction,  as  it  is  shown  in 
Fig.5.2.3.1.  Such  type  of  discharge  can  be  fonned  by  special  multi-electrodes  system.  In  this 
section  the  result  of  numerical  experiment  in  a  model  gasdynamic  situation  is  presented. 

Typical  duration  of  the  discharged  electrical  pulse  is  much  shorter  than  the  characteristic 
gasdynamic  time.  That  is  why  the  power  release  can  be  described  as  in  a  fixed  volume  Vo.  The 
excited  gas  zone  is  expanded  and  mixed  with  non-excited  gas.  Two  physical  processes  are 
appeared  at  this  moment:  a  cooling  due  to  the  mixing  and  the  thennal  power  deposition  as  the 
result  of  combustion.  A  comprehensive  model  of  mixing  and  combustion  is  rather  complex, 
especially  in  a  real  kinetic  approach. 

To  examine  this  approach  the  model  was  developed  for  burning  initiation  by  a  series  of 
periodically  positioned  transverse  filamentary-like  discharges  in  approximation  of  distributed 
mixing  of  excited  and  non-excited  gas  streams.  The  model  includes  self-consistent  simulations 
of  the  discharge  of  a  small  radius  in  supersonic  flow  of  ethylene-dry  air  mixture  [1]  with 
followed  gradual  mixing  of  excited  gas  with  main  flow,  see  Fig.5.2.3.1.  Mixing  process  was 
characterized  by  time  interval  between  beginning  of  mixing  and  its  termination  by  exhaust  of 
main  stream,  A tmix ,  and  the  ratio  of  the  final  volume  to  the  initial  plasma  volume,  V/Vq.  The 
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calculations  were  performed  for  the  ethylene-air  premixed  composition  at  initial  pressure  IBar 
and  initial  temperature  700K. 


Flame 


Fig. 5. 2. 3. 1 .  Scheme  of  analysis  of  ignition  by  filamentary  discharge. 


In  the  model  the  expansion  from  the  volume  Vo  to  the  volume  V  and  mixing  are  supposed  to 
be  started  right  after  the  electrical  pulse  (1  jus)  and  completed  in  predefined  time  tmix.  The 
temperature  is  being  found  based  on  energy  balance  equation.  Components'  concentration  is 
reduced  due  to  redistribution  in  a  current  volume  as  follows: 
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An  initial  diameter  of  the  discharge's  filament  is  small  comparing  with  a  location's  space 
period.  At  the  same  time  the  mixed  zone  covers  whole  exposed  area  during  a  short  time. 
Concentration  of  radicals  and  molecules  fonned  by  the  discharge  is  reduced  in  accordance  with 
the  volumetric  law  (mixing  +  expansion).  Extra  molecules  No,  Oi,  and  C2H4  are  come  from  the 
fresh  mixture: 
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mixed  volume.  Under  these  conditions  the  most  correct  approach  is  the  approximation  of  the 
constant  gas  pressure. 

The  physical-chemical  model  is  a  consistent  combination  of  two  approaches  [2]:  classical 
thermal  combustion  theory  (close  to  GRI  Mech3  combustion  mechanism)  and  glow  discharge 
plasma  kinetics.  The  equations  of  thermal  and  plasma  chemistry  are  solved  in  isochoric 
approximation  in  parallel  with  the  Boltzmann  equation  for  the  electron  energy  distribution 
function.  It  was  shown  previously  that  isochoric  model  is  in  a  satisfactory  agreement  with 
results  computed  in  frame  of  a  system  of  ID  gas-dynamic  equations  in  a  plug  flow  model.  GRI 
Mech3  combustion  mechanism  is  widely  used,  its  applicability  is  proven  at  temperatures 
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higher  than  about  1100  K.  Plasma  kinetic  model  was  validated  for  low  temperature  300  K 
atmospheric  pressure  glow  discharge  in  air.  This  model  includes  evolution  equations  for 
charged  particles1  densities,  excited  atom  and  molecules1  densities,  and  electric  circuit 
equation. 

The  discharge  and  external  electrical  circuit  were  modeled  by  a  capacitance  and  the 
discharge  channel  resistivity  (self-consistent  model).  The  discharge  filament  radius  was 
predefined  as  0.5mm,  energy  deposition  in  this  case  was  480  J/g.  Typical  waveforms  of  the 
reduced  electrical  field  and  the  current  density  are  shown  in  Fig. 5. 2. 3. 2.  The  electrical  field  at 
the  current  maximum  was  E/N=150Td.  A  main  mechanism  of  the  plasma  effect  on  chemical 
reactions  rate  is  the  atomic  oxygen  generation.  The  part  of  discharge  energy,  which  is  spent  for 
the  oxygen  generation,  is  shown  in  Fig. 5. 2. 3. 3  depending  on  the  electric  field.  The  calculations 
are  fulfilled  for  the  initial  gas  parameters  and  composition.  The  direct  molecular  dissociation 
by  electron  impact  takes  about  14%  at  E/N  =  160Td.  A  total  effective  dissociation  includes 
collisions  with  electronically  excited  nitrogen.  The  maximal  part  of  energy  taken  for  the  02 
dissociation  is  about  58%  at  E/N  =  205Td,  when  the  direct  heating  is  taken  into  account  as 
well. 


Fig. 5.2. 3.2.  Dynamics  of  reduced  electric  field  and  current  density.  Specific  power 
deposition  480  J/g.  T=700K,  P  =lBar,  NiiOiiCaFL^  12:3:1,  R  =  0.5mm. 
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Fig.5.2.3.3.  Part  of  discharge  energy  (%)  spent  for  02  dissociation  in  mixture  N2:02:C2FLt= 
12:3:1.  1  -  direct  dissociation  by  electron  impact;  2  -  total  effect  including  electronically 

excited  N2. 


Fig.5.2.3.4.  Dynamics  of  plasma  power  and  the  gas  temperature  at  distributive  mixing. 

V/V0=7,  tmix=100ps. 


Beginning!  1  Time  l]S 

of  mixing"  “  End  of  mixing 


Fig. 5. 2. 3. 5.  Dynamics  of  gas  temperature  depending  on  mixing  degree  V/VO  and  the 
mixing  duration  tmix.  Solid  lines  are  for  t=l  00  ps,  dashed  lines  are  for  t=50ps. 
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Figure  5.2.4  presents  dynamics  of  the  discharge  power  and  the  gas  temperature.  One  of 
important  features  is  non-monotonous  behavior  of  the  gas  temperature.  One  can  see  some 
temperature  decrease  at  the  end  of  the  mixing.  The  effect  may  be  explained  by  a  competition  of 
mixing  with  relatively  cold  gas  and  heating  due  to  chemical  reactions.  At  the  parameters  of 
interaction  chosen  in  this  particular  case  a  local  temperature  maximum  is  observed  at  the 
beginning  of  the  mixing.  Figure  5  shows  the  temperature  evolution  at  variation  of  V/VO.  For 
the  time  scale  t<500ps  the  mixing  degree  V/V0=T0  is  a  critical  value.  At  reduced  time  of 
mixing  the  time  of  ignition  is  increased  dramatically.  In  this  case  the  cooling  is  prevailed  over 
heat  release. 


Fig. 5. 2. 3. 6.  Dynamics  of  molecules  and  radicals  concentration  at  discharge  initiation  and 
distributive  mixing.  The  conditions  are  the  same  as  in  Fig.5.2.3.4. 

The  dynamics  of  molecules  and  radicals  concentration  is  presented  in  Fig.5.2.3.6.  At 
the  beginning  one  can  see  a  significant  increase  of  the  atomic  oxygen  concentration.  Then  so- 
called  «cool  flame»  takes  place,  when  the  molecules  CO,  CH2O,  H2,  HO2,  CH2CO,  and  others 
are  generated.  At  t>  I  Ops  but  before  the  end  of  mixing,  some  rise  of  the  O2  and  C2H4 
concentration  is  observed  due  to  coming  of  fresh  gas.  Depending  on  conditions  the  full 
combustion  may  or  may  not  follow  these  preliminary  stages. 

The  ignition  time  is  one  of  the  most  important  characteristic  of  the  combustion 
processes.  At  the  analysis  of  results  this  time  was  defined  as  the  point  of  maximal  derivative  of 
the  temperature  dynamics  curve.  Usually  this  time  is  equal  to  the  maximal  concentration  of  the 
CH  radicals,  and  can  be  useful  for  optical  diagnostics  of  the  ignition  process.  Figure  5.2.7 
illustrates  the  ignition  time  depending  on  mixing  degree  and  the  mixing  time.  At  mixing  time 
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lOOps  and  mixing  degree  V/V0=12  the  ignition  time  is  more  than  600 ps.  The  faster  mixing 
leads  to  faster  cooling  and  bigger  ignition  time. 

In  practical  problem  of  plasma-based  ignition  and  flameholding  in  ducts  there  is  more 
convenient  to  present  data  in  terms  of  length  of  ignition  than  of  ignition  time.  The  curves  in 
Fig. 5.2. 3. 8  presents  the  results  of  simulation  of  the  ignition  length  of  ethylene-air  mixture 
depending  on  mixing  time  at  initial  flow  velocity  M=2.0.  Well  seen  that  the  ignition  can  be 
realized  on  the  length  X=0.6m  at  plasma  energy  release  W/G=45J/g  for  mixing  time  t=  1  OOps, 
and  W/G=175J/g  for  mixing  duration  50ps.  Figure  5.2.8  also  shows  how  the  predicted 
induction  time  for  combustion  of  ethylene-air  mixture  depends  on  the  energy  input  per  mass  of 
gas  flow  in  the  case  of  filamentary  discharge  for  two  values  of  mixing  time.  At  Atimx  =100  and 

A tini  =50  ps  the  required  reduced  energy  input  is  about  40  J/g,  that  is  remarkably  lower  than  for 
unifonn  discharge. 


Fig. 5. 2. 3. 7.  Ignition  time  vs  mixing  degree.  1  -  mixing  time  t=100ps;  2  -  t=50ps.  The 
conditions  are  the  same  as  for  Fig. 5. 2. 3. 2. 


Fig.5.2.3.8.  Length  of  ignition  depending  on  energy  release  and  the  discharge  mode.  M  =  2. 
Other  conditions  are  the  same  as  in  Fig.5.2.3.2. 
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Herewith  one  can  find  the  data  for  homogeneous  DC  discharge  and  pulse  discharges  of 
different  pulse  duration  [3].  Non-homogeneous  discharge  possesses  an  obvious  benefit  in  this 
regard.  Comparison  of  the  specific  energies  needed  to  ignite  the  mixture  by  non-homogeneous 
discharge,  variety  of  homogeneous  discharges,  and  by  the  heating  is  presented  in  Table.5.2.1. 
The  use  of  non-homogeneous  short-pulse  discharge  allows  one  to  reduce  the  required  power  in 
5times  comparing  with  a  homogeneous  discharge,  and  in  order  of  magnitude  in  comparison 
with  the  heating  of  the  gas. 


Table  5.2.1.  Comparison  of  the  energy  levels  required  for  the  ethylene-air  mixture  ignition 
in  M=2  flow.  Combustor  length  0.6m. 


Non-homogeneous 

Homogeneous  discharge 

Heat 

Mode 

Pulse,  mixing 
lOOjas 

Pulse  ns 
discharge 

Pulse  ps 
discharge 

DC  discharge 

W/G,  J/g 

45 

210 
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265 

520 

Figure  5.2.9  shows  the  ignition  time  vs  specific  energy  deposition  at  different  initial  fuel 
concentrations:  lean  mixture,  stoichiometric  mixture,  and  rich  mixture.  It  should  be  considered 
the  less  benefit  of  this  method  for  a  lean  mixture  due  to  less  temperature  elevation  at  the  fuel 
oxidation. 
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Fig. 5. 2. 3. 9.  The  ignition  time  vs  specific  energy  deposition  at  different  initial  fuel 
concentrations.  Mixing  time  t=T00us,  T=700K,  P=lBar. 
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5.2.4  How  it  might  work  in  future? 

The  effective  operation  of  scramjet  in  wide  range  of  flow  Mach  numbers  looks  as  one  of 
the  most  technically  difficult  challenges  in  design  of  hypersonic  vehicles  powered  by  air- 
breathing  engines.  The  most  promising  way  is  a  scramjet  possessed  with  a  flexible  gasdynamic 
configuration  (including  inlet,  injection  system,  combustor,  and  nozzle)  depending  on  Mach 
number  and  altitude  of  the  flight.  Unfortunately,  this  approach  is  not  supported  properly  by 
technical  issues:  materials,  gears,  etc.  Commonly  discussed  tradeoff  assessment  consists  of  a 
fixed  geometrical  configuration  based  on  some  -characteristic”  Mach  number  of  operation.  It 
definitely  demonstrates  worse  performance  for  lower  and  higher  values  of  Mach  numbers  both. 

To  improve  an  overall  capability  of  scramjet  with  fixed  geometry  of  the  duct  some  extra 
methods  could  be  applied,  for  instance:  (a)  staged  fuel  injection;  (b)  additional  flameholding  at 
low  temperature  (plasma  as  well);  and  a  few  others.  The  penalty  of  such  a  philosophy  is  a  rise 
of  total  pressure  loses  and,  as  a  consequence,  a  decrease  of  specific  impulse  and  thrust 
coefficient. 

This  work  proposes  an  advanced  approach  how  to  expand  an  operational  field  of  scramjet 
to  off-design  values  of  Mach  number  at  fixed  geometry  of  gasdynamic  duct.  It  is  based  on 
experimental  results  in  so-called  -Plasma-Assisted  Combustion”  domain  obtained  during  last 
years  in  JIHT  RAS.  Some  results  are  presented  in  this  Report.  Particularly,  there  were  found 
out  the  following: 

■  The  result  of  the  plasma  generation  in  flow  is  not  only  in  heating  and  active  media 
production,  but  in  modification  of  supersonic  flow  structure,  including  artificial  separation, 
vorticity,  etc.  At  proper  modes  the  plasma  localization  and  parameters  in  reacting  flow  are  self- 
adjusted  with  zones  of  chemical  reaction.  These  feedbacks  are  important  feature  of  active 
flame  control  by  electrical  discharges. 

■  In  case  of  hydrocarbon  fuel  and  low  temperature  conditions  flame  stabilization  by  non¬ 
equilibrium  plasma  occurs  by  means  of  two-phase  process.  In  the  first  phase  the  plasma 
induces  the  fuel  refonning,  which  may  be  simplified  by  H2  and  CO  production.  In  spite  of 
bright  luminescence  this  zone  doesn't  concomitant  with  a  significant  temperature  elevation  and 
the  pressure  increase.  This  so-called  -eold  flame”  appears  as  a  source  of  active  chemical 
species  to  initiate  (under  favorable  conditions)  the  second  phase  of  -normal”  flame 
characterized  by  temperature  and  pressure  rise. 
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Fig.5.2.4.1.  Plasma-based  unit:  injector  +  flameholder. 


Fig. 5. 2.4. 2.  Staged-fuelled  plasma-based  high-speed  combustor. 


The  idea  of  the  method  of  supersonic  flameholding  and  combustion  control  by  plasma  of 
electrical  discharge  is  based  on  mentioned  above  and  is  composed  with  several  issues,  namely: 
(1)  instead  of  fixed  separation  zones  based  on  mechanical  elements  (wallstep,  cavity,  pylon, 
strut,  etc.)  the  area  of  local  separation  is  being  created  by  near-surface  electrical  discharge  plus 
jets  of  fuel  based  on  flush-mounted  electrodes  and  orifices  (see  Fig.5.2.4.1);  (2)  the  plasma 
generator  and  fuel  injector  are  composed  together  as  an  single  unit  utilized  for  fuel  ignition, 
flameholding,  and  combustion  control;  (3)  those  units  location  along  the  duct,  theirs  activation 
and  switching  off,  the  magnitude  of  impact  are  chosen  based  on  maximal  efficiency  of  engine 
and  steered  by  active  feedbacks  (see  Fig. 5. 2.4. 2). 


Project  #  3057p 


Final  Project  Technical  Report 


Page  129  / 148 


20 


Unstable 

.Combustion 


c  ramjet 


Ramjet 


High 

Thermal 

Loads 


urbojet 


Mach  Number  10 


Altitude,  km 
60 


Fig. 5. 2.4. 3.  Expanding  of  air-breathing  corridor  due  to  plasma  application. 

Qualitative  scheme. 


Prospectively  the  utilizing  of  this  method  might  lead  to  reduce  total  pressure  losses  under 
non-optimal  conditions,  to  enhance  of  operation  stability,  and,  consequently,  to  spread  of  air- 
breathing  corridor  of  scramjet  operability  as  it  shown  schematically  in  Fig. 5. 2. 4. 3. 


Reference  to  section  5.2.4. 

Sergey  Leonov,  Vladimir  Sabelnikov  -ELECTRICALLY  DRIVEN  SUPERSONIC 
COMBUSTOR”,  Proceedings  of  6th  European  Symposium  on  Aerothermodynamics  for  Space 
Vehicles,  2-7  November  2008,  Versailles,  France 
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6.  Conclusions. 

Some  key  problems  related  to  supersonic  combustion  and  flame  stabilization  are  difficult  to 
solve  for  the  practical  implementation  of  such  a  technology,  especially  in  the  case  of  non- 
optimal  conditions  and  the  use  of  hydrocarbon  fuel.  Among  of  them  are  global  ignition  at  low 
temperature  and  flame  stabilization  in  a  predefined  combustor  location  (which  may  not  be  the 
optimum  location  for  combustion).  Plasma-based  methods  of  combustion  management  are  now 
considered  promising  tools  in  this  field. 

Several  reviews  and  important  works  have  been  published  recently  [see  section  3.1].  Based 
in  part  on  these  publications,  we  believe  the  efforts,  with  few  exceptions,  can  be  divided  into 
the  following  categories:  1)  simulations  of  non-equilibrium  kinetics  of  combustion;  2)  basic 
experiments  on  plasma-chemical  kinetics;  3)  low-speed  flame  stabilization  experiments 
employing  a  nonequilibrium  discharge;  4)  application  of  -plasma  torches”;  5)  high-speed 
ignition  and  flameholding  experiments;  and,  6)  mixing  experiments.  Obviously  the  list  of 
references  does  not  cover  the  entire  field.  The  approach  of  this  work  is  to  devise  an  experiment 
of  practical  interest  for  supersonic  combustion.  The  main  issues  here  are  the  use  of  supersonic 
flow,  air  mass  flow-rate  up  to  G’air=l  kg/s,  a  non-premixed  fuel-air  composition,  and  no 
physical  flameholding  devices  within  the  flowpath. 

Several  mechanisms  of  the  effect  of  plasma  on  flow  structure,  ignition,  and  combustion 
processes  might  be  listed:  1)  fast  local  ohmic  heating  of  the  medium;  2)  nonequilibrium 
excitation  and  dissociation  of  air  and  fuel  molecules  due  to  electron  collisions  and  UV 
radiation;  3)  momentum  transfer  in  electric  and  magnetic  fields;  and,  4)  shock/instability 
generation.  In  different  situations  the  significance  of  each  of  these  topics  can  be  varied.  In 
some  cases  an  amplification  of  the  effect  due  to  mutual  impact  and  interference  is  critically 
important,  as  is  observed  in  this  work,  where  the  flow-structure  control  by  electrical  discharge 
and  gas  excitation  work  together  for  ignition  and  stabilization  of  a  high-speed  flame. 

Of  course,  heating  of  the  medium  by  the  discharge  leads  to  an  increase  in  the  rate  of  the 
chemical  reactions,  not  only  in  the  vicinity  of  the  discharge  but  also  downstream.  Furthermore, 
the  discharge  can  induce  a  strong  shock  waves  and  flow  separation  areas  at  sufficiently  high 
levels  of  power  deposition.  In  this  way  one  can  create  a  zone  with  favorable  conditions  for 
combustion  with  increased  residence  time,  improved  rates  of  mixing,  and  increased 
temperature.  Also,  fuel-air  reaction  rates  are  increased  due  to  the  formation  of  radicals  and 
atomic  species  through  excitation  by  electrons  in  the  electric  field  and  by  more  complex 
processes.  Deposition  of  active  particles  may  also  reduce  the  level  of  required  external  power. 
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Another  benefit  of  this  scheme  is  that  local  shock  waves — generated  by  the  obstruction 
imposed  by  the  discharges — can  improve  the  mixing  process  and  can  initiate  chemical 
reactions  due  to  gas  heating  at  the  shock  front. 

Based  on  both  theoretical  and  experimental  studies,  it  appears  that  nonequilibrium  and 
nonunifonn  discharged  operation  modes  provide  more  flexibility  in  implementation  and,  very 
possibly,  higher  performance  per  unit  power  or  energy.  Nonequilibrium  power  deposition  into 
the  gas  leads  to  the  creation  of  species  possessing  higher  reactivity  in  comparison  with  those 
found  at  equilibrium  conditions.  It  is  important  also  that  the  plasma  is  generated  -4n-situ”,  just 
in  the  place  of  fuel-oxidizer  interaction,  to  diminish  the  effect  of  fast  relaxation  and/or  mixing 
with  the  surrounding  air.  A  possible  method  to  reduce  the  power  consumption  is  to  treat  only  a 
part  of  gas  volume  with  nonunifonn  plasma.  A  preferable  structure  may  look  like  a 
geometrically  adjusted  grate ;  here,  a  flamefront  propagates  the  distance  between  separate 
plasma  filaments  faster  than  it  can  be  blown  out.  An  additional  requirement  is  that  a  reasonable 
technical  solution  be  a  practical  one.  The  experimental  approach  described  herein  is  to  design 
and  configure  nonequilibrium,  spatially  nonunifonn  discharge  that  can  be  practically 
implemented. 

The  plasma  method  to  improve  supersonic  combustor  performance  has  proposed  and  tested 
by  authors,  which  is  based  on  the  generation  of  plasma-induced  local  unsteady  separation.  The 
artificial  plasma-induced  zones  of  the  flow  separation  can  be  applied  instead  of  mechanical 
devices  such  as  a  ramp  or  a  cavity,  especially  under  non-optimal  or  unsteady  operational 
modes  of  the  combustor.  The  flame  stabilization  regimes  could  occur  at  a  relatively  low  level 
of  extra  energy  deposition.  The  authors  have  studied  the  effects  of  a  transversal  discharge  on 
flameholding  in  M=2  flow  in  cavity,  behind  backwise  wallstep,  and  along  a  plane  wall.  The  air 
temperature  was  varied  in  range  300-750K.  The  main  physical  effects  observed  of  the  plasma 
on  the  flowfield  are  that  it  heats  the  gas,  generating  high  concentrations  of  radicals  in  the 
process,  and  that  it  modifies  the  flowfield,  potentially  inducing  separation.  The  maximum 
effect  at  minimal  power  deposition  can  be  realized  with  -m-situ”  plasma  generation, 
nonequilibrium  composition,  and  a  nonunifonn  discharge  structure. 

Ignition  and  flameholding  were  realized  for  FF  and  C2H4  fueling  on  a  plane  wall  by  using  a 
transversal  electrical  discharge  at  relatively  low  power  deposition  (2-3%  of  flow  enthalpy).  The 
power  threshold  for  a  hydrogen  flameholding  was  measured  to  be  1FP|<3  kW.  The  combustion 
completeness  was  estimated  to  be  reasonably  high,  >90%  in  optimal  experimental 
configurations,  with  both  hydrogen  and  ethylene  fuels.  The  thermal  choking  of  the  duct  was 
observed  at  GH2>lg/s,  in  spite  of  the  fact  that  the  duct  design  included  an  inclined  wall  for  area 
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relief.  The  power  threshold  for  flameholding  with  ethylene  fueling  was  measured  to  be  !Fpi>4 
kW.  In  comparison  with  hydrogen  fueling,  a  main  difference  with  ethylene  fueling  was  that 
thermal  choking  was  not  observed,  even  at  the  maximum  discharge  power  of  ffpi>10  kW. 
Furthermore,  the  completeness  of  the  ethylene  combustion  decreased  with  increased  fuel  mass 
flow  rate. 


Energetic  Threshold 

H2 

C2H4 

C2H4 

C2H4 

(T0=300K) 

(T0=300K) 

(T0=500K) 

(T0=650K) 

Threshold  of  ignition  in  cavity  and  behind 
wallstep 

lkW 

2.5kW 

4kW 

«5kW 

Threshold  of  flameholding  in  shear  layer  over 
wallstep 

<3kW 

3.5kW 

«5kW 

xTOkW 

Threshold  of  flameholding  over  plane  wall 

<3kW 

>4.5kW 

>5kW 

>8kW 

The  table  presents  statistically  averaged  data  on  power  threshold.  The  energetic  threshold 
measured  for  ignition  and  flameholding  by  the  discharge  in  this  case  can  be  compared  with  that 
when  employing  a  cavity  and  a  backward-facing  wallstep.  In  the  latter  cases,  the  discharge  was 
configured  such  that  the  anode-cathode  pairs  are  located  with  one  electrode  just  upstream  and 
the  other  just  downstream  of  the  step,  and  this  configuration  forces  the  discharge  into  the  cavity 
(and  otherwise  it  would  remain  in  the  shear  layer).  It  can  be  seen  that  comparable  power  levels 
are  required  for  flameholding  with  the  wallstep  or  on  the  plane  wall.  We  consider  this  as  a 
positive  result  for  a  practical  implementation.  Note  that  the  threshold  for  flameholding  with 
this  configuration  does  not  decrease  (improve)  as  the  static  temperature  increases  from  300  to 
500-670K,  contrary  to  expectation.  A  working  hypothesis  is  that  an  increase  of  the  temperature 
leads  to  intensification  of  the  gas  circulation  in  separation  zone  and  gas  exchange  between 
separated  zone  and  main  flow. 

The  experiments  were  carried  out  on  the  plasma-assisted  combustion  of  liquid  hydrocarbon 
in  cold  air  and  under  the  heater  operation.  It  was  demonstrated  a  low  intensity  of  the 
combustion  under  the  experimental  conditions.  At  the  same  time  the  possibility  to  promote  the 
liquid  hydrocarbon  combustion  by  addition  of  hydrogen  or  ethylene  was  demonstrated  as  well. 

The  position  of  the  flamefront  was  visualized  by  schlieren-streak  technique.  At  constant 
fuel  flow  rate,  the  flamefront  can  be  controlled  by  the  discharge  power  in  accordance  with  a 
qualitative  law:  higher  power  =  shorter  distance  between  the  point  of  the  fuel  injection  and  the 
flamefront.  Another  important  feature  is  that  -no  discharge  =  no  combustion”  at  all 
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conditions/fuels  tested.  Moreover,  switching  off  the  discharge  promptly  leads  to  flame 
extinction. 

Several  diagnostic  methods  were  significantly  modified  to  be  properly  applied  under 
conditions  of  high-speed  flow,  discharge,  and  combustion.  At  the  first  time  for  the  facility 
PWT-50  the  results  were  obtained  based  on  laser-based  absorption  spectroscopy,  namely:  gas 
temperature  distribution  in  zone  located  below  the  combustion  area  and  H20  concentration  in 
the  same  points.  Those  measurements  were  perfonned  for  the  hydrogen  and  ethylene 
combustion  both.  The  gas  temperature  occurs  in  a  range  Tst=900-1 100K  for  hydrogen  and 
Tst=400-750K  for  ethylene.  The  water  vapors  partial  pressure  was  measured  as  high  as 
PH20:=l-35Torr  depending  on  operation  mode.  These  measurements  prove  of  previously 
estimated  level  of  combustion  completeness  and  verify  the  two-stage  model  of  PAC. 

The  effectiveness  criterion  of  the  plasma-based  technique  was  proposed  at  the  first  time. 
This  criterion  compares  the  discharge  power  with  calculated  value  of  power  required  for 
selfignition  of  composition  being  mixture  on  air  and  gaseous  fuel.  The  effectiveness  of 
described  technique  faced  a  very  high  level,  as  it  shown  in  the  table  for  three  geometrical 
configurations  and  two  values  of  air  temperature. 


Table  of  effectiveness. 

T0=293K 

T0=500K 

Ethylene  feeding:  Gair=0.8  kg/s;  Gc2H4=1-h2  g/s 

Effectiveness  for  cavity 

>100 

Effectiveness  for  wallstep 

>270 

>130 

Effectiveness  over  plane  wall 

>75 

>50 

The  air  heater  was  adjusted  and  tested  in  typical  operation  modes.  The  method  of  heating 
consists  of  electrical  and  chemical  power  release  both.  The  kinetic  analysis  of  pollutions 
impact  due  to  the  heater  operation  was  perfonned.  As  it  was  noted,  the  H20  and  C02  effects 
are  small.  At  the  same  time  the  effect  of  NO  addition  by  the  air  heater  can  be  substantial.  The 
experiments  were  carried  out  on  the  plasma-assisted  combustion  of  ethylene  in  cold  air  and 
under  the  heater  operation  at  temperatures  T0=300-750K  and  in  pulse  mode  at  TCX1100K.  It 
was  demonstrated  the  reducing  of  intensity  of  the  fuel  combustion  at  increase  of  the  gas 
temperature  under  the  experimental  conditions. 

Usually  it  is  mentioned  that  non-equilibrium  plasma  (characterized  by  higher  level  of  E/N) 
occurs  more  effective  in  terms  of  fast  fuel  ignition.  In  our  particular  case  it  should  be 
considered  two  main  factors  of  successful  fuel  ignition  and  flameholding:  (1)  the  discharge 
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power;  and  (2)  length  of  the  discharge  filaments  (reflects  a  time  of  interaction).  All  other 
factors  appeared  as  much  less  important.  Special  experimental  series  shown  a  generation  of 
sequence  of  active  zones  of  reacting  gas  moved  downstream  from  the  place  of  immediate 
plasma-fuel  interaction.  These  zones  appear  as  hotbeds  of  consequent  flamefront. 

Based  on  experimental  observations  and  data  of  numerical  simulations  authors  have 
formulated  two-stage  model  of  plasma-assisted  combustion.  Main  idea  pushed  forward  is  that 
the  plasma  assistance  for  combustion  enhancement  occurs  on  sophisticated  multistage  (two- 
stage,  at  least)  manner.  During  the  first  step  the  plasma  induces  fuel  refonning,  which  may  be 
simplified  as  production  of  H2,  CH20,  and  CO.  In  spite  of  bright  luminescence,  this  zone  does 
not  experience  significant  temperature  and  pressure  increase.  This  so-called  -eold  flame” 
appears  as  a  source  of  active  chemical  species  that  initiates  (under  favorable  conditions)  the 
second  step  of  normal  -hot”  combustion,  characterized  by  high  temperature  and  pressure  rise. 
Under  some  conditions  the  multistage  combustion  is  observed  without  plasma  of  electrical 
discharge.  But  at  the  plasma  assisted  combustion  the  kinetic  mechanism  of  ignition  looks  to  be 
principally  multistage  process,  as  it  is  pointed  in  some  last  publications,  see  Attachment  1 . 

2D  and  3D  Navier-Stokes  CFD  simulation  was  perfonned  to  provide  both  a  greater 
physical  insight  and  a  prediction  of  the  critical  parameters  for  the  corresponding  plasma- 
ignition  experiment.  The  model  includes  the  supersonic  duct,  the  discharge  (contoured  heat 
source),  fuel  injection,  and  chemical  kinetics.  The  results  show  a  good  agreement  with  the 
experimental  data  for  cavity  and  wallstep  configurations.  The  simulations  were  a  very  helpful 
at  establishment  of  optimal  fuel  injectors4  location  and  number  of  fuel  orifices.  The  next 
important  result  was  in  verifying  of  the  idea,  why  the  discharge  effect  on  flameholding 
weakens  at  the  gas  temperature  increase.  At  the  same  time  the  model  has  demonstrated  a  strict 
deficiency  in  geometrical  configuration  close  to  the  plane  wall. 

It  might  be  concluded  that  the  fonnal  objectives  of  the  project  were  reached;  expected 
results  were  obtained  and  considered  in  this  Technical  Report  and  Final  Technical  Report  as  of 
March  2009.  Several  scientifically  new  results  were  obtained,  reported,  and  published  due  to 
the  projects  efforts  and  being,  initially,  outside  of  the  projects  tasks.  Among  of  those  we  may 
highlight  the  following: 

o  Plasma-based  supersonic  flameholding  on  the  plane  wall  at  inflow  generated 
electrical  discharge  was  demonstrated  at  the  first  time; 
o  Two-stage  mechanism  of  plasma-assisted  combustion  was  fonnulated,  at  the  first 
time  for  M>1  flow; 
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o  The  DLAS  method  was  successfully  applied  for  detail  measurements  of  the  gas 
temperature  and  the  combustion  efficiency; 
o  New  scheme  of  plasma-improved  combustor  is  proposed  for  further  consideration. 

At  the  same  time  this  work  opens  some  new  questions  and  problems... 

Authors  express  their  deep  acknowledgements  to  the  funding  Party  and  ISTC 
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Attachment  1:  List  of  published  papers  with  abstracts 

1.  S.  Leonov,  V.  Gromov,  A.  Kuriachy,  D.  Yarantsev  -Mechanisms  of  Flow  Control  by  Near- 
Surface  Electrical  Discharge  Generation”,  43th  AIAA  Aerospace  Sciences  Meeting  and 
Exhibit,  Reno,  NV,  10-13  January  2005,  AIAA-05-0780. 

The  paper  is  devoted  mainly  to  problem  of  flow  management  by  the  discharge  plasma  excited 
inflow.  It  could  be  related  to  the  newly-developed  field  of  Magneto  Plasma  Aerodynamics. 
Discharge  plasma  technology  promises  the  advantages  in  a  field  of  the  boundary  layer  control, 
including  stabilization  of  line  of  laminar-turbulent  transition,  guiding  of  separation  processes,  and 
control  of  the  local  shocks  position.  The  paper  presents  and  discusses  results  of  recent  experimental 
and  analytic  study  of  the  problem  in  this  field  of  interest.  Specific  prospective  for  plasma 
applications  in  the  area  of  effective  control  of  the  duct-driven  flows  are  discussed. 

2.  A.  Napartovich,  I.  Kochetov,  S.  Leonov,  -Study  of  dynamics  of  air-hydrogen  mixture 
ignition  by  non-equilibrium  discharge  in  high-speed  flow”,  J.  of  High  Temperature  (rus),  No. 
5,  2005,  p.667. 

For  the  first  time,  a  numerical  model  was  developed  combining  traditional  approach  of  thermal 
combustion  chemistry  with  advanced  description  of  the  plasma  kinetics  based  on  solution  of 
electron  Boltzmann  equation.  This  approach  allows  us  to  describe  self-consistently  strongly 
non-equilibrium  electric  discharge  in  chemically  unstable  (ignited)  gas.  Our  model  includes  an 
electron  Boltzmann  equation  solver  calculated  in  parallel  with  kinetic  equations  for  charged 
particles,  excited  molecular  states,  ion-molecule  reactions  and  chemical  reactions.  Calculations 
were  performed  for  the  initial  gas  temperature  700  K  and  static  gas  pressure  1  bar  for  the 
hydrogen  and  ethylene  mixed  with  air  at  varied  energy  input  into  the  gas  flow  for  stoichiometric 
compositions.  Effect  of  chemically  active  species  produced  in  the  discharge  on  ignition  delay 
time  was  studied  for  conditions  of  steady  state  glow  discharge  for  both  mixtures,  while 
effectiveness  of  pulse-periodic  discharge  in  shortening  ignition  time  was  explored  for 
hydrogen-air  stoichiometric  mixture  only.  A  remarkable  reduction  of  ignition  delay  time 
relative  to  thermal  initiation  was  predicted  for  both  fuels  at  a  modest  energy  cost.  Energy 
efficiency  turned  out  to  be  comparable  for  continuous  and  pulsed  modes  of  the  discharge 
operation. 

3.  Yarantsev  D.A.,  Leonov  S.B.,  Biturin  V.A.,  Savelkin  K.V.  -Spectroscopic  Diagnostics  of 
Plasma-Assisted  Combustion  in  High-Speed  Flow”,  AIAA/CIRA  13th  International  Space 
Planes  and  Hypersonic  Systems  and  Technologies  Conference,  16-20  May  2005,  Capua,  Italy, 
AIAA-2005-3396. 

Spectroscopic  investigation  of  hydrocarbons  (ethylene)  combustion  in  airflow  at  the  presence  of 
filamentary  surface  discharge  is  presented  in  this  paper.  Survey  spectrum  under  the  discharge- 
assisted  combustion  in  the  wavelength  range  200-800nm  have  been  measured.  Molecular  bands 
that  are  typical  both  for  the  combustion  -  OH,  CH,  CN,  C2  and  for  the  discharge  -  N2,  H2  are 
typically  observed  in  the  spectrum.  It  has  to  be  noted  here,  that  presence  of  OH,  CH,  CN  and 
C2  radicals  doesn‘t  indicate  the  combustion  reactions  themselves.  These  molecules  can  be 
generated  and  exited  by  the  electrical  discharge.  Rotational  and  vibrational  temperatures  for 
different  molecules  have  been  measured  by  fitting  calculating  spectra  and  experimental  ones.  A 
simulation  of  spectrums  were  performed  by  original  software.  Examples  of  the  measurement 
are  presented. 

4.  S.B.  Leonov,  K.V.  Savelkin,  D.A.  Yarantsev,  V.G.  Gromov  -Aerodynamic  Effects  due  to 
Electrical  Discharges  Generated  Inflow”  Proceedings  of  -European  Conference  for  Aerospace 
Sciences”  (EUCASS),  Moscow,  July,  2005 

The  plasma  of  electrical  discharges  in  airflow  is  considered  as  the  quite  promising  method  for 
flow/flight  control  and  combustion  enhancement.  The  plasma  application  in  field  on  aerospace 
science  defined  the  conditions  of  discharges  generation:  pressure  P=0.1-lBar,  velocity  of  the 
flow  V=100-1000m/s.  Characteristic  temperature  of  gas  can  be  from  T=200K  (ambient 
conditions)  to  T<2kK  for  combustion  chamber.  Under  such  a  condition  the  plasma  of  electrical 
discharges  appears  in  filamentary  form  due  to  specific  instability,  like  a  superheating  one.  This 
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plasma  can  effect  on  flow  structure  and  parameters  not  locally  only.  From  the  other  side  the 
properties  of  the  filamentary  plasma  under  so  specific  conditions  are  known  not  perfectly.  This 
experimental  work  was  aimed  in  study  of  pulse  filamentary  plasma  behavior  at  high-speed 
flow,  in  magnetic  field  and  at  expanded  range  of  gas  temperature. 

5.  S.  B.  Leonov,  V.  A.  Bityurin,  D.  A.  Yarantsev ,  A.  P.  Napartovich,  I.  V.  Kochetov,  -Plasma- 
Assisted  Ignition  and  Mixing  in  High-Speed  Flow”,  Proceedings  of  the  8th  International 
Symposium  on  Fluid  Control,  Measurement  and  Visualization,  Chengdu,  China,  19-23 
August  2005. 

The  model  experiments  on  duct-driven  supersonic  flow  control  have  been  executed  last  time  on 
the  base  of  short-time  wind  tunnel.  Plasma  deposition  has  been  provided  by  surface  plasma 
generator  with  specific  power  input  W=100-500W/cm2.  Plasma  parameters  have  been  measured 
by  optic  spectroscopy.  Flow  structure  was  observed  by  fast  Schlieren  system.  Pressure 
distribution  was  measured  by  multi-channel  fast-response  transducer.  The  strong  effect  of 
electric  discharge  on  the  flow-field  structure  and  shocks  position  was  detected,  as  well  as  the 
effects  of  local  and  global  separation.  An  appropriate  physical  model  of  the  phenomena  is 
described  here.  The  energetic  threshold  of  the  ignition  has  been  measured.  The  ignition  effect 
was  compared  for  different  level  of  E/N  parameter.  The  inflow  mixing  intensification  is  one  of 
the  key  problems  of  high-speed  combustion.  Possible  mechanisms  of  plasma/MHD-induced 
mixing  are  discussed.  The  experimental  results  on  filamentary  pulse  discharge  effect  on  flow  in 
magnetic  field  and  without  it  are  demonstrated  in  different  aerodynamic  situations.  The  test  on 
pulse  discharge  influence  on  flow  structure  and  parameters  under  supersonic  condition  has  been 
carried  out  in  special  dielectric  test  section  of  PWT-10  facility.  The  discharge  can  be 
characterized  by  the  following  parameters:  pulse  duration  more  than  50us  (actually  it  has  been 
limited  by  discharge  channel  breakage  due  to  blowout  of  plasma  filament  by  flow),  maximal 
discharge  current  100-150A,  steady-stage  gap  voltage  U=500-800V,  inter-gap  distance  50mm, 
mean  E/n  parameter  value  30Td,  averaged  input  power  up  to  W=50kW,  spectroscopically 
defined  rotational  temperature  Tg*3kK.  Structure  of  the  discharge  was  registered  by  the  high¬ 
speed  line -scan  camera  AVIVA  (line -rate  of  50kHz;  exposure  time  of  6mcs).  We  have  obtained 
temporal  behavior  of  the  thin  crossing  slice  of  the  discharge. 

6.  Sergey  B.  Leonov,  Dmitry  A.  Yarantsev,  Valery  G.  Gromov,  Yuri  I.  Isaenkov,  Victor  R. 
Soloviev,  -The  Gas-Dynamic  Phenomena  Associated  with  Surface  Discharge  in  High-Speed 
Flow”,  Proceedings  of  15th  International  Conference  on  MHD  and  MPA,  24-27  May  2005, 
Moscow,  IVTAN. 

The  results  of  experimental,  computational,  and  analytical  study  for  a  problem  of  flow  control 
by  electrical  discharge  application  are  presented  in  the  paper.  Two  main  topics  are  considered: 
the  characteristics  of  different  types  of  discharge  in  the  flow  and  the  discharge  plasma  effects 
on  high-speed  flow  structure  and  properties.  Three  discharge  types  were  explored:  quasi-DC 
surface  discharge,  transversal  pulse  discharge,  and  dielectric  barrier  discharge  (DBD).  The 
mechanisms  of  flow  modification  are  revealed  to  be  quite  different  for  these  discharge  types. 
There  was  shown  that  the  surface  plasma  generation  near  an  inlet  rupture  shifts  the  appropriate 
SW  upstream.  The  angle  of  a  new  SW  depends  on  power  release  and  sort  of  gas  applied.  In  a 
case  of  air  a  huge  post-plasma  extrusive  layer  is  observed  that  is  in  accordance  with  an  idea  of 
the  mechanism  of  slowed  V-T  relaxation.  The  thickness  and  the  length  of  this  layer  depend  on 
static  pressure  in  test  section  (higher  pressure  -  shorter  extrusive  layer).  In  a  case  of  argon  and 
C02  such  a  layer  was  much  weaker.  The  attendant  oblique  SW  has  the  angle  close  to  Mach 
characteristic  and  is  conjugated  with  the  — M”  shock.  The  stagnation  pressure  in  the  test  section 
downstream  plasma  accompanied  SW  is  changed  negligibly  in  the  last  case.  A  preliminary 
conclusion  is  that  the  mechanism  of  V-T  relaxation  can  play  important  role  in  airflow  with  non¬ 
equilibrium  plasma  generation.  It  allows  significant  elongation  of  surface  discharge  effect  on 
flow  structure  in  inlet4  s  configuration. 

7.  Leonov  S.B.,  Biturin  V.A.,  Yarantsev  D.A.  -Plasma-Induced  Ignition  and  Plasma-Assisted 
Combustion  in  High  Speed  Flow.”  In  -Non-Equilibrium  Processes”,  v.2,  pp.  104-1 15:  -Plasma, 
Aerosols,  and  Atmospheric  Phenomena”,  TORUS-PRESS,  2005,  392p. 
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Two  main  domains  were  considered  in  this  experimental  work:  an  enhancement  of  the  ignition 
of  non-premixed  air-fuel  composition  by  plasma,  and  the  mixing  intensification  by  the 
discharge  generation  inflow.  The  effects  of  gas  movement;  external  magnetic  field  and  high 
temperature  were  explored.  It  was  done  separately  and  under  combined  influence.  The 
filamentary  plasma  behavior  inflow  and  in  magnetic  field  is  described.  The  results  are  useful  at 
design  of  practical  devices  for  ignition,  mixing  and  flow  structure  modification. 

8.  S.  Leonov,  I.  Kochetov,  A.  Napartovich,  D.  Yarantsev.  Plasma-Assisted  Ignition  and 
Flameholding  in  High-Speed  Flow  //  Paper  AIAA-2006-0563,  44th  AIAA  Aerospace 
Sciences  Meeting  &  Exhibit,  9-12  January  2006,  Reno,  NV. 

Properties  of  different  electrical  discharges  are  reviewed  for  applications  in  the  Plasma -Induced 
Ignition  and  Plasma-Assisted  Combustion  in  high-speed  flow.  Nonequilibrium,  unsteady,  and 
nonuniform  modes  are  under  analyses.  Numerical  simulations  of  uniform  non-equilibrium 
discharge  effect  on  the  premixed  hydrogen  and  ethylene-air  mixture  in  supersonic  flow 
demonstrate  an  advantage  of  such  a  technique  over  a  heating.  At  the  same  time,  the  energetic 
price  occurs  rather  large  to  be  the  scheme  practical.  A  reduction  of  required  power  deposition 
and  mixing  intensification  in  non-premixed  flow  could  be  achieved  by  nonuniform  electrical 
discharges.  Experimental  results  on  multi-electrode  discharge  maintenance  behind  wallstep  and 
in  cavity  of  supersonic  flow  are  presented.  The  model  test  on  hydrogen  and  ethylene  ignition  is 
demonstrated  at  direct  fuel  injection. 

9.  I.  Kochetov,  A.  Napartovich,  S.  Leonov  -Plasma  ignition  of  combustion  in  a  supersonic 
flow  of  fuel-air  mixtures:  Simulation  problems”,  J.  High  Energy  Chemistry,  40,  98-104, 
2006. 

Numerical  simulations  of  ignition  of  H2  and  C2H4  mixtures  with  dry  air  by  continuous  glow 
discharge  in  a  supersonic  flow  demonstrated  a  remarkable  shortening  of  ignition  times  at 
reasonably  low  energy  input.  Ignition  of  H2  fuel  is  much  easier  (faster  and  at  lower  energy 
inputs)  than  of  C2H4.  Numerical  simulations  of  H2  ignition  by  continuous  glow  discharge 
predict  low  sensitivity  of  burning  acceleration  effect  to  the  ratio  fuel/oxidizer  while  gradually 
diminishing  with  fuel  dilution.  A  remarkable  reduction  of  ignition  delay  time  relative  to  thermal 
initiation  was  predicted  for  both  fuels  at  a  modest  energy  cost.  Energy  efficiency  turned  out  to 
be  comparable  for  continuous  and  pulsed  modes  of  the  discharge  operation.  Initiation  of  H2/air 
mixture  combustion  by  pulse  discharges  of  a  few  microsecond  duration  is  about  20%  more 
energetically  economical  than  the  continuous  discharge.S.  B.  Leonov,  D.  A.  Yarantsev ,  A. 
P.  Napartovich,  I.  V.  Kochetov  -Plasma-Assisted  Chemistry  in  High-Speed  Flow”, 
Proceedings  of  the  International  Conference  on  Gas  Discharges  and  their  Applications, 
Xi‘an,  China,  11-14  September  2006,  paper  L18. 

Fundamental  problems  related  to  the  high-speed  combustion  are  analyzed.  The  result  of 
plasma-chemical  modeling  is  presented  as  a  motivation  of  experimental  activity.  Numerical 
simulations  of  uniform  non-equilibrium  discharge  effect  on  the  premixed  hydrogen  and 
ethylene-air  mixture  in  supersonic  flow  demonstrate  an  advantage  of  such  a  technique  over  a 
heating.  Experimental  results  on  multi-electrode  discharge  maintenance  behind  wallstep  and  in 
cavity  of  supersonic  flow  are  presented.  The  model  test  on  hydrogen  and  ethylene  ignition  is 
demonstrated  at  direct  fuel  injection. 

11.  S.  Leonov,  C.  Carter,  M.  Starodubtsev,  D.  Yarantsev  Mechanisms  of  Fuel  Ignition  by 
Electrical  Discharge  in  High-Speed  Flow  //  Paper  AIAA-2006-7908,  14th  AIAA/AHI 
Space  Planes  and  Hypersonic  Systems  and  Technologies  Conference,  Canberra,  Australia, 
Nov.  6-9,  2006 

The  field  of  Plasma-Induced  Ignition  and  Plasma-Assisted  Combustion  in  high-speed  flow  is 
under  consideration.  A  short  review  of  efforts  in  this  field  is  presented.  The  main  mechanisms 
of  electrical  discharges  effect  on  high-speed  combustion  are  analyzed.  The  result  of  plasma- 
chemical  modeling  is  shown  as  a  motivation  of  experimental  activity.  A  reduction  of  required 
power  deposition  and  mixing  intensification  in  non-premixed  flow  could  be  achieved  by 
nonuniform  and  nonequilibrium  modes  of  electrical  discharge.  Experimental  results  on  multi¬ 
electrode  discharge  maintenance  behind  a  wallstep  and  in  a  cavity  of  supersonic  flow  are 
presented.  3D  Navier-Stokes  (NS)  simulations  of  the  discharge  effect  on  flow  structure  were 
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made  to  define  the  optimal  experimental  configurations.  They  were  a  basis  for  a  model  test  of 
hydrogen  ignition  in  supersonic  flow  with  direct  fuel  injection.  2D  NS  simulations  of  hydrogen 
combustion  with  a  nonequilibrium  chemical  model  were  performed  and  compared  with 
experimental  data.  For  the  first  time  the  results  is  published  on  plasma-assisted  combustion  of 
non-premixed  composition  near  the  plane  wall  in  M=2,  T=300K  flow. 

12.  Sergey  B.  Leonov,  and  Dmitry  A.  Yarantsev  -Plasma-induced  ignition  and  plasma-assisted 
combustion  in  high-speed  flow”  //  IOP,  Plasma  Sources  Science  and  Technology,  16 
(2007),  p.  132-138,  stacks.iop.org/PSST/ 16/ 132 

The  paper  presents  the  results  of  lab-scale  experiment  on  ignition  of  non-premixed  fuel-air 
composition  in  high-speed  flow  by  electrical  discharge.  The  concept  of  Plasma-Induced 
Ignition  and  Plasma-Assisted  Combustion  is  considered  on  the  basis  of  three  main  ideas:  the 
medium  heating/excitation  by  discharge,  fuel-air  mixing  intensification,  and  flow  structure 
control  in  the  vicinity  of  reaction  zone.  The  experiments  were  fulfilled  under  conditions  of 
model  supersonic  combustor  in  standard  aerodynamic  configurations  with  backwise  wallstep 
and  cavity  on  the  wall.  The  electrical  discharge  was  organized  in  specific  electrodes 
arrangement  where  the  plasma  filaments  crossed  an  area  of  gas  circulation.  The  ignition  of 
hydrogen  and  intensification  of  ethylene-air  chemical  reactions  were  demonstrated  for  direct 
fuel  injection  into  the  fixed  separation  zone  at  low  gas  mean  temperature.  The  experiments 
were  supported  by  3-D  Navier-Stokes  numerical  simulations.  An  energetic  threshold  of  fuel 
ignition  under  separation  and  in  a  shear  layer  of  supersonic  flow  has  been  measured. 

13.  Leonov,  S.  B.,  Yarantsev,  D.  A.,  Napartovich,  A.  P.,  Kochetov,  I.  V.  -Plasma-Assisted 
Combustion  of  Gaseous  Fuel  in  Supersonic  Duct”,  Plasma  Science,  IEEE  Transactions 
on,  Dec.  2006,  Volume:  34,  Issue:  6,  pp. 25 14-2525 

The  field  of  Plasma-Induced  Ignition  and  Plasma-Assisted  Combustion  in  high-speed  flow  is 
under  consideration.  Nonequilibrium,  unsteady,  and  nonuniform  modes  are  analyzed  as  the 
most  promising  to  reduce  a  required  extra  power.  Numerical  simulations  of  uniform  non¬ 
equilibrium  continuous  and  pulse  discharge  effect  on  the  premixed  hydrogen  and  ethylene -air 
mixtures  in  supersonic  flow  demonstrate  an  advantage  of  such  a  technique  over  a  heating.  At 
the  same  time,  the  energetic  price  occurs  rather  large  to  be  the  scheme  practical.  A  reduction  of 
required  power  deposition  and  mixing  intensification  in  non-premixed  flow  could  be  achieved 
by  nonuniform  electrical  discharges.  Experimental  results  on  multi-electrode  discharge 
maintenance  behind  wallstep  and  in  cavity  of  supersonic  flow  are  presented.  The  model  test  on 
hydrogen  and  ethylene  ignition  is  demonstrated  at  direct  fuel  injection. 

14.  S.  Leonov,  -Gasdynamic  Phenomena  Concomitant  with  Plasma-Assisted  Combustion 
Experiments”,  Proceedings  of  the  7th  International  Workshop  on  Magneto-Plasma 
Aerodynamics,  17-19  April  2007,  JIHT  RAS,  Moscow,  Russia 

The  paper  presents  a  short  review  of  world-wide  efforts  in  a  field  of  plasma-assisted 
combustion  and  flameholding,  as  well  as  the  results  of  experimental  work  on  plasma  assisted 
combustion  in  supersonic  airflow  obtained  in  JIHT  RAS  during  the  last  3  years.  Experimental 
results  on  multi-electrode  nonuniform  discharge  maintenance  behind  wallstep  and  in  cavity  of 
supersonic  flow  are  presented.  The  model  test  on  hydrogen  and  ethylene  ignition  is 
demonstrated  at  direct  fuel  injection  to  low-temperature  high-speed  airflow. 

15.  Sergey  B.  Leonov  and  Dmitry  A.  Yarantsev.  -Hydrogen  and  Ethylene  Combustion 
Assisted  with  Filamentary  Discharge  in  Supersonic  Flow”,  NEPCAP  Proceedings, 
Dagomis,  June  2007. 

Experimental  results  on  the  multi-electrode  DC  discharge  maintenance  near  the  plane  wall  and 
its  impact  on  the  model  high-speed  combustor  performance  are  presented.  Distinctive 
peculiarities  of  the  spectroscopic  diagnostics  at  such  conditions  are  discussed.  For  the  first  time 
the  results  are  presented  on  plasma-assisted  combustion  of  non-premixed  composition  near  the 
plane  wall  in  M=2,  T=300K  flow.  This  scheme  demonstrates  an  effective  flameholding  in 
supersonic  flow  under  non-optimal  conditions. 

16.  Sergey  B.  Leonov,  Campbell  Carter  -Plasma-Assisted  Combustion  and  Flameholding  in 
High-Speed  Flow”,  Invited  Lecture,  Proceedings  of  IWEPAC-3,  September  17-20,  2007, 
Falls  Church,  VA,  U.S.A 
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Several  fundamental  problems  related  to  high-speed  combustion  are  under  consideration, 
including  fuel  ignition  under  low  temperature,  induction  time  reduction,  air-fuel  mixing 
intensification,  flame-front  stabilization,  completeness  of  combustion  enhancement,  etc.  At 
least  four  mechanisms  of  the  effect  of  plasma  on  ignition  and  combustion  processes  might  be 
listed:  ohmic  heating  (1),  active  radicals  and  particles  deposition  (2),  plasma/MHD  mixing  (3), 
and  plasma-induced  flow  structure  steering  (4).  In  some  important  situations,  the  active 
radicals4  generation  by  plasma  has  a  synergetic  effect  on  the  ignition,  i.e.  the  required  power 
occurs  much  less  than  for  a  thermal  initiation  of  the  reactions.  The  result  of  plasma-chemical 
modeling  is  presented  as  a  motivation  of  experimental  activity. 

17.  S.  B.  Leonov,  V.  N.  Sermanov,  V.  R.  Soloviev,  D.  A.  Yarantsev  -Supersonic  Rupture‘s 
Shock  Control  by  Electrical  Discharge”  Proceeding  of  the  Fifth  International  Conference 
on  Fluid  Mechanics,  Aug.  15-19,  2007,  PaperF27;  Shanghai,  China;  Tsinghua  University 
Press  &  Springer 

The  objective  of  this  work  is  to  study  the  phenomena  associated  with  interaction  of  near-surface 
electrical  discharge  and  high-speed  flow;  specifically,  to  demonstrate  a  steering  effect  of 
plasma  in  model  supersonic  inlet.  It  is  clear  that  the  power  release  to  the  flow  is  able  to  modify 
some  part  of  the  flowfield.  But  in  the  most  cases  the  magnitude  of  influence  is  not  high  enough, 
the  impact  is  quite  local,  and  its  efficiency  is  rather  low.  The  idea  of  this  work  is  to  analyze  the 
conditions  when  the  local  plasma  generation  leads  to  notable  modification  of  flow  structure  in 
relatively  distant  zone  downstream  of  the  discharge  location.  The  experimental  data  presented 
show  significant  and  effective  impact  of  electrical  discharge  on  shocks4  configuration  in 
supersonic  flow. 

18.  Yu.  I.  Isaenkov,  S.  B.  Leonov,  M.  N.  Shneider  -Mixing  Intensification  by  Electrical 
Discharge  in  High-Speed  Flow”  Proceeding  of  the  Fifth  International  Conference  on  Fluid 
Mechanics,  Aug.15-19,  2007,  PaperF28;  Shanghai,  China;  Tsinghua  University  Press  & 
Springer 

The  paper  considers  the  results  of  experimental  and  analytic  efforts  on  the  filamentary 
transversal  pulse  discharge  application  for  mixing  intensification  in  high-speed  gas  flow.  Two 
methods  are  demonstrated  experimentally:  active  mixing  by  filamentary  discharge  in 
transversal  magnetic  field,  and  mixing  due  to  development  of  huge  instability  with  consequent 
fast  turbulent  expansion  in  after-discharge  channel.  The  mechanism  of  the  phenomena  was 
described  theoretically  for  quiescent  ambient  conditions.  It  is  supposed  that  effect  of  fast 
turbulent  expansion  is  effective  for  an  acceleration  of  mixing  in  the  non-premixed  reactant 
multi-component  flow. 

19.  Sergey  B.  Leonov  -Plasma-Assisted  Aerodynamics:  Approach  and  Problem  of 
Measurements”,  Keynote  Lecture,  Proceedings  of  FLUCOME2007,  September  17- 
19,2007,  Tallahassee,  FL,  USA 

The  paper  considers  several  distinctive  ideas  of  the  — ISIsma  Aerodynamics”.  A  general 
approach  is  based  on  the  reveal  of  main  physical  mechanisms  of  electrical  discharges 
interaction  with  a  gas  flow:  heating,  electro-dynamic,  magneto-dynamic,  and  chemical 
activation.  The  results  of  model  experiments  are  discussed:  drag  reduction  by  in-front-of-body 
plasma  generation;  supersonic  flow  structure  control  by  near-surface  discharge;  boundary  layer 
actuation  by  dielectric  barrier  discharge  (DBD);  high-speed  combustion  intensification.  In  each 
specific  case  the  problem  is  arisen  of  suitable  diagnostics  application. 

20.  S.  B.  Leonov,  C.  Carter,  K.  V.  Savelkin,  V.  N.  Sermanov,  and  D.  A.  Yarantsev, 
“Experiments  on  Plasma-Assisted  Combustion  in  M=2  Hot  Test-Bed  PWT-50H,”  46th 
AIAA  Aerospace  Sciences  Meeting  and  Exhibit  (Reno,  Nevada,  USA,  7-10  January  2008), 
AIAA-2008-1359. 

The  paper  considers  the  results  of  several  years4  efforts  in  field  of  Plasma-Assisted  Combustion 
in  high-speed  airflow.  Electrical  discharge  generated  straight  in  M=2  flow  is  applied  for 
different  geometric  configurations:  cavity,  backwise  wallstep,  and  on  a  plane  wall.  Hydrogen 
and  ethylene  ignition  and  flameholding  are  demonstrated  experimentally  at  air  temperature 
T0=300-670K.  Parametric  dependences  of  the  flameholding  effect  on  fuel  feeding,  gas 
temperature,  geometry,  discharge  power,  etc.  are  described.  The  effect  of  — old”  combustion  is 
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shown  under  lean  and  rich  mixture.  The  physical  mechanism  of  combustion  breakdown  is 
discussed.  The  experiments  are  supported  by  3D  Navier-Stokes  simulations. 

21.  Sergey  B.  Leonov,  -High-Speed  Flow  Control  by  Electro-Discharge  Plasma  Technique”, 
Invited  paper,  Proceedings  of  2nd  International  Conference  -Recent  Advances  in 
Experimental  Fluid  Mechanics”,  3-6  March  2008,  K.L. College  of  Engineering, 
Vijayawada,  India. 

The  paper  presents  a  short  review  of  world-wide  efforts  in  a  field  of  plasma-assisted 
aerodynamics  and  plasma-induced  combustion,  as  well  as  the  results  of  experimental  work  in 
this  field  obtained  in  the  Laboratory  of  Experimental  Plasma  Aerodynamics  JIHT  RAS  last 
years.  The  inflow  mixing  intensification  is  one  of  the  key  problems  of  high-speed  combustion. 
Possible  mechanisms  of  plasma/MHD-induced  mixing  are  discussed.  The  experimental  results 
on  filamentary  pulse  discharge  effect  on  flow  in  magnetic  field  and  without  it  are  demonstrated 
in  different  aerodynamic  situations.  The  peculiarities  of  the  filamentary  discharge  appearance  in 
high  temperature  and  high-speed  flow  explored  experimentally  are  discussed  in  details. 

22.  Sergey  B.  Leonov,  Dmitry  A.  Yarantsev,  Campbell  Carter,  Transversal  Electrical 
Discharge  as  a  New  Type  of  Flameholder,  15th  AIAA  International  Spaceplanes  and 
Hypersonic  Systems  and  Technology  Conference,  Dayton,  OH,  Apr-May  2008,  AIAA- 
2008-2675. 

The  paper  describes  experimental  results  on  gaseous  fuel  ignition  and  flameholding  controlled 
by  an  electrical  discharge  in  high-speed  airflow.  The  geometrical  configuration  does  not  include 
any  mechanical  or  physical  flameholder.  The  fuel  is  non-premixed  and  injected  directly  into  the 
air  crossflow  from  the  combustor  wall.  A  multi-electrode,  nonuniform  transversal  electrical 
discharge  is  excited  on  the  same  wall,  between  flush-mounted  electrodes,  upward  the  fuel 
injector.  Initial  gas  temperature  is  much  lower  than  the  value  for  autoignition  of  hydrogen  and 
ethylene.  Results  are  presented  for  wide  range  of  fuel  mass  flow-rate  and  discharge  power 
deposited  into  the  flow.  This  coupling  between  the  discharge  and  the  flow  presents  a  new  type 
of  flameholder  over  a  plane  wall  for  high-speed  combustor. 

23.  Sergey  Leonov,  Vladimir  Sabelnikov  -ELECTRICALLY  DRIVEN  SUPERSONIC 
COMBUSTOR”,  Proceedings  of  6th  European  Symposium  on  Aerothennodynamics  for 
Space  Vehicles,  2-7  November  2008,  Versailles,  France 

The  paper  considers  a  new  method  of  supersonic  combustor  steering  under  non-optimal 
conditions,  specifically,  at  low  gas  temperature.  The  method  is  based  on  near-surface  electrical 
discharge  application  for  flow  management  and  flameholding.  The  experimental  results  on 
flameholding  at  gas  temperature  T0=300-760K  are  presented.  The  hydrogen  and  ethylene  were 
injected  directly  into  the  M=2  flow  from  the  wall  at  overall  ER<0.2.  The  electrical  discharge  of 
filamentary  type  between  flush  mounted  electrodes  on  the  wall  is  used  for  a  flame  promotion. 
The  power  deposited  is  Wpi/Htot<2-5%  of  flow  total  enthalpy.  The  fuel  ignition,  and 
flameholding  are  demonstrated  experimentally  at  combustion  completeness  r|>0.9.  The 
pressure  elevation  due  to  combustion  is  measured  in  accordance  with  operation  mode.  The  fact 
is  specially  pointed  that  the  discharge  switching  off  leads  to  immediate  extinction  of  the 
hydrogen/ethylene  flame.  The  power  threshold  of  fuels  ignition  over  the  plane  wall  was 
measured  by  variation  of  power  deposition  and  the  fuel  mass  flow  rate.  Based  on  the 
experimental  data  a  new  scheme  of  supersonic  combustor  is  proposed.  Local  zones  of 
combustion  in  multiple  directly  wall-fueled  sections  are  supported  by  electrical  discharges. 
Cross-section‘s  expansions  are  adjusted  with  those  zones  of  intensive  reactions.  This  scheme  is 
supposed  to  be  quite  prospective  for  practical  apparatuses. 

24.  Sergey  Leonov,  Campbell  Carter,  Dmitry  Yarantsev  -DISCHARGE-BASED 
FLAMEHOLDING  in  HIGH-SPEED  AIRFLOW”,  Proceedings  of  the  XVII  International 
Conference  on  Gas  Discharges  and  Their  Applications,  Cardiff  University,  UK,  7-12 
September  2008 

The  paper  considers  the  results  of  experimental  and  computational  study  of  basic  properties  of 
the  transversal  filamentary  near-surface  electrical  discharge  in  supersonic  flow  and  a  possible 
application  of  such  a  discharge  as  a  new  type  of  flameholder. 
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25.  C.  E.  JIEOHOB,  A.  APAFITTEB  -YIIPABJIEHHE  OTPEIBHEIMH  RBJIEHHJIMH  B 
BEICOKOCKOPOCTHOM  nOTOKE  C  nOMOIIjEK)  ElPHnOBEPXHOCTHOrO 
3JIEKTPHHECKOrO  PA3PR/1A”,  MKT,  N°6,  2008 

I  IpiiBcuciiBi  peiyaBTaiBi  9 k c n e p h m c  iit  an  r,  i  i o r o  n  pacHCTiioro  nccne^OBaHna  ma h m o  ,a  c  it  c  t  b  h  a 
npHCTcnoHiioro  ajieKTpnnecKoro  paipa/ia  co  CBepx3ByKOBbiM  BomyiiniBiM  noTOKOM  b  Kananc 
nocToaHHoro  ccHeima.  OnncaHbi  ocoochhocth  reHepannn  npnnoBepxHOCTHoro  paipaua  b 
nOTOKe.  I  I p 0 .9 C M O II CT p H p O B a II b I  pC/KHMBI  C  B03HHKH0BeHHeM  OTpblBa  nOTOKa  3a  OOaaCTBIO 
paipa.aa.  I  Ipe,aao>Keiia  mohcjib  BiaiiMO/icncTBiia.  MccacaoBaii  peaaiM  r  a  3  o  u  n  n  a  m  n  n  c  c  k  o  r  o 
9KpaHnpoBaHHa  McxaiinaccKoro  npenaTCTBua  Ha  CTeHKe  Kanaaa.  IlpHBeaeHbi  aamibie  no 
H3MeHeHHio  napaMeTpoB  ocHOBHoro  noToxa  bcjtcuctbhc  reHepannn  ripHCTCiioaiioro  paipaaa. 

I  IpoBcacuo  cpaBHeHne  c  pciyabTaraMH  pacacTa  Ha  ocHOBe  ynpoiiiciiiion  Moacan 
B3anMoaencTBH5i. 

26.  Sergey  B.  Leonov,  Dmitry  A.  Yarantsev,  "Near_Surface  Electrical  Discharge  in 
Supersonic  Airflow:  Properties  and  Flow  Control”,  Journal  of  Propulsion  and  Power,  2008, 
vol.24,  no. 6,  pp.l  168-1 181,  DOI:  10.2514/1.24585 

The  results  of  experimental  and  numerical  investigations  of  the  interaction  between  the  near¬ 
wall  electrical  discharge  and  supersonic  airflow  in  an  aerodynamic  channel  with  constant  and 
variable  cross-sections  are  presented.  Peculiar  properties  of  the  surface  quasi-DC  discharge 
generation  in  the  flow  are  described.  The  mode  with  flow  separation  developing  outside  the 
discharge  region  is  revealed  as  specific  feature  of  such  a  configuration.  An  interaction  model  is 
proposed  on  the  basis  of  measurements  and  observations.  A  regime  of  gasdynamic  screening  of 
a  mechanical  obstacle  installed  on  the  channel  wall  is  studied.  Variation  of  the  main  flow 
parameters  caused  by  the  surface  discharge  is  quantified.  The  ability  of  the  discharge  to  shift  an 
oblique  shock  in  an  inlet  is  demonstrated  experimentally.  Influence  of  relaxation  processes  in 
non-equilibrium  excited  gas  on  flow  structure  is  analyzed.  Comparison  of  the  experimental  data 
with  the  results  of  calculations  based  on  the  analytical  model  and  on  numerical  simulations  is 
presented. 

27.  Sergey  B.  Leonov,  Yury  I.  Isaenkov,  Dmitry  A.  Yarantsev,  Igor  V.  Kochetov,  Anatoly  P. 
Napartovich,  Michail  N.  Shneider  -Unstable  Pulse  Discharge  in  Mixing  Layer  of  Gaseous 
Reactants”,  47th  AIAA  Aerospace  Sciences  Meeting  and  Exhibit  (Orlando,  FL,  USA,  5-8 
January  2009),  AIAA -2009-0820. 

The  paper  considers  the  results  of  experimental  and  computational  efforts  on  study  of  the 
filamentary  transversal  pulse  discharge  dynamics  in  high-speed  airflow  close  to  contact  zone  of 
two  co-flown  gases.  Recently  the  effect  of  fast  development  of  the  post-discharge  channel 
instability  at  stagnant  conditions  and  in  high-speed  flow  was  observed  experimentally.  This 
instability  possesses  form  of  lateral  jets  escaping.  The  mechanism  of  acceleration  of  post¬ 
discharge  channel  turbulent  expansion  was  described  earlier  for  ambient  conditions.  But  the 
experiment  has  shown  a  wider  zone  of  disturbance  and  a  higher  speed  of  spreading  out.  The 
second  discussed  idea  is  the  filamentary  discharge  movement  in  medium  at  gradient 
concentration  of  different  components.  The  discharge  position  and  dynamics  of  mixing  layer 
depend  on  the  discharge  parameters  and  physical  properties  of  gases  involved.  It  is  considered 
that  the  result  of  interaction  can  be  controlled  by  means  of  small  additives  in  the  gas.  The 
effects  found  are  supposed  to  be  applied  for  high-speed  combustion  enhancement  due  to  non¬ 
equilibrium  excitation  of  air/fuel  composition  and  mixing  acceleration  of  non-premixed  multi¬ 
components  flow.  The  problem  of  plasma-assisted  mixing  was  discussed  earlier,  particularly  in 
frames  of  MHD  approach. 

28.  M.  A.  Deminsky,  I.  V.  Kochetov,  A.  P. Napartovich,  S.  B.  Leonov  "Numerical  Study  of 
Stages  of  Ignition  of  Ethylene- Air  Mixture  by  Plasma  Initiation”,  The  9th  International 
Workshop  on  Magneto -Plasma  Aerodynamics,  Moscow,  Russia,  April  13-15,  2010 

Calculations  were  perfomied  using  the  Chemical  WorkBench  (CWB),  which  implements  the 
solution  of  chemical  and  ion-molecular  kinetics  equations  together  with  the  Boltzmann  equation 
for  electron  energy  distribution  function  and  the  equation  for  the  translational  gas  temperature. 
Ignition  of  ethylene-air  mixture  in  the  channel  scramjet  was  described  in  the  plug  flow 
approximation  at  the  constant  volume.  Such  an  approximation  gives  similar  results  for  the 
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induction  time  in  comparison  with  the  solution  of  the  full  system  of  equations  of  the  stationary 
one-dimensional  gas  dynamics.  Calculations  were  performed  using  various  mechanisms  of 
combustion. 

29.  A.A.  Firsov,  S.B.  Leonov,  A.B.  Miller  “Numerical  simulation  of  supersonic  flow  in 
convergent-divergent  duct  with  discharge  supply”,  The  9th  International  Workshop  on 
Magneto-Plasma  Aerodynamics,  Moscow,  Russia,  April  13-15,  2010 

B  paooxe  npc/icxaBuenbi  pe3y.JibTaTbi  uncneHHoro  MO.xc.xnpo  Banna  cBepx3ByicoBoro  noTOKa 
M=2  (V=500  m/c)  b  KaHane  nepeMemroro  ceueHna  npn  B3aHMO/jencTBHH  c  ajidCTpHuecKHM 
paxpa.xoM.  Ebmo  paccMOTpeno  Bxnannc  moiiiuocxh  paxpa.xa  n  noxo/Kcnna  xxcKxpoxoB  Ha 
CTpyKTypy  noTOKa.  I  IpoBcxcno  cpaBHeHne  xbvx  naKeTOB  xncxcnnoro  Moxcxnpo Banna  rn.xpo- 
aaponnHaMHKH  (CFD).  OcnoBuaa  neiib  paooxbi  -  noxyxcnnc  xonoxnnxcxbnbix  xannux  o 
B3anMonencTBHH  noTOKa,  paxpa.xa,  n  Moxcxn  KaHana  nepeMeHHoro  ccncnna,  KOTopbie 
xaxpyxnnxcxbno  noxyunTb  b  peaxbuoM  XKcncpHMenxc. 

30.  D.  Yarantsev,  Yu.  Isaenkov,  S.  Leonov,  M.  Shurupov,  -Localization  of  the  Pulse  Discharge 
in  Two-Gases  Flow”  The  9th  International  Workshop  on  Magneto-Plasma  Aerodynamics, 
Moscow,  Russia,  April  13-15,  2010 

Oxnon  H3  aKTyanbHbix  aa.xax  n  a  as  m  e  n  n  o  -  n  n  a  y  n  n  p  o  b  a  n  n  o  r  o  ropenna  b  BbieoKOCKopocTHOM 
noToxe  aBaaeTca  obicxpoe  CMemeHne  ra30B  npn  HH^eKnnn  TonauBa  b  OKncxnxcxb.  CnocoooM 
peaaH3an;HH  3Toro  nponecca  mouccx  6biTb  HHnnnnpoBaHHe  b  cpcac  r as o a n n a m n a c c k n x 
B03MymeHHH  npn  noMomn  HMnyabCHoro  cy 6 m h k p o c e k y h a n o ro  (j)HxaMenxapnoro  paxpa.xa.  B 
CBH3H  c  3thm  cxanoBuxca  aKTyaabHbiM  HccacaoBauue  oco6cnnocxen  reoMcrpuHCCKon  (|)opMia 
n  aoKaan3annn  HMnyabCHoro  paapaaa  npn  ero  pacnpocTpaHeHnn  B6an3H  rpaHnnbi  aByx  ra30B. 
3KcnepnMeHTbi  npoiioananci)  b  3aKpbiTon  Kaaepc,  b  KOTopon  6bma  opraHH30BaHa  aaMnnapnaa 
HH3KOCKopocTHaa  cipya  C02.  KoucxpyKuna  aacKipoaoB  noiBoaacT  HHnnnnpoBaTb  paapaa 
Kax  BHyTpn  CTpyn,  Tax  n  B6an3H  ee  rpaHnnbi.  f[aa  BH3yaaH3annH  r aa o a n n a m n h c c k n x 
nponeccoB  ncnoab30Baaacb  TcncBaa  cxcMKa.  IIomhmo  BH3yaaH3annn  nponiBoanancb 
H3MepeHna  aaeK'ipnaccKHX  napawcTpoii  paspaaa  (noac  PoroBCKoro  n  BbieoKOCKopocTHon 
acauTcab).  3anycx  TeHeBon  cbeMKH  CHHxpoHH3npoBaH  c  3anycKOM  paipaaa  nocpeacTBOM 
onTuaccKoro  reHepaTopa. 

3 1 .  Sergey  Leonov,  Campbell  Carter,  Dmitry  Yarantsev  -Experiments  on  Electrically 
Controlled  Flameholding  on  a  Plane  Wall  in  Supersonic  Airflow”,  Journal  of  Propulsion 
and  Power,  2009,  vol.25,  no. 2,  pp.289-298 

We  described  experiments  on  gaseous  fuel  ignition  and  flameholding  controlled  by  an  electrical 
discharge  in  high  speed  airflow.  The  geometrical  configuration  does  not  include  any  mechanical 
or  physical  flameholder.  The  fuel  is  nonpremixed  and  injected  directly  into  the  air  crossflow 
from  the  combustor  bottom  wall.  A  multi-electrode,  nonunifomi  transversal  electrical  discharge 
is  excited,  also  on  the  bottom  wall,  between  flush-mounted  electrodes.  The  initial  gas 
temperature  is  lower  than  the  value  for  autoignition  of  hydrogen  and  ethylene.  Results  are 
presented  for  a  wide  range  of  fuel  mass  flow  rate  and  discharge  power  deposited  into  the  flow. 
This  coupling  between  the  discharge  and  the  flow  presents  a  new  type  of  flameholder  over  a 
plane  wall  for  a  high-speed  combustor. 

32.  M  A  Bolshov,  Yu  A  Kuritsyn,  V  V  Liger,  V  R  Mironenko,  S  B  Leonov,  D  A  Yarantsev, 
"Measurements  of  gas  parameters  in  plasma-assisted  supersonic  combustion  processes 
using  diode  laser  spectroscopy",  QUANTUM  ELECTRON,  2009,  39  (9),  869-878. 
DOI:  10.1070/QE2009v039n09ABEH014044 

The  paper  describes  results  of  temperature  and  water  vapors  concentration  in  supersonic 
combustion  zone. 

33.  M.  A.  Eojibiuoe,  K).  A.  Kyputfbin,  C.  E.  Jleonoe,  B.  B.  Jlueep,  B.P.MuponenKo,  JJ.  A. 
Npanitee  «H3Mepemie  TeMnepaTypbi  n  KOHn,empaii,HH  napoB  boubi  b  CBepx3ByKOBon 
xaMepe  cropamra  mctohom  a6cop6n,noHHon  cneKTpocKonnn».  The  8th  International 
Workshop  on  Magneto-Plasma  Aerodynamics,  Moscow,  Russia,  March  31  —  April  2, 
2009  -  TBT,  NCI,  2009 

B  CTaTbe  paccMaxpuBacTCM  aajiaua  HiMcpcnua  napaMeTpoB  30Hbi  BbicoxocKopocTHoro 
HecTannoHapHoro  ropenna  npn  CTa6nnH3anHH  (|)ponxa  nnaMeHH  'xxeK'i  pnuccKHM  paspa.xoM.  B 
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pa6oTe  npnMeHeH  npnnoBepxHOCTHbin  pa3p an  Ha  imockoh  CTeHKe  MOKny  3JicKTpo;iaiviH, 
ycTaHOBJieHHbiMH  b  nnocKOCTH  CTeHKH.  I  Ipc.xcTaBJienbi  6a30Bbie  3  k  cn  e  p  h  m  e  ht  a.i  b  h  bi  c 
pe3ynbTaTbi  npn  TeMnepaType  TopMO'/Kcnna  Boi.iynmoro  noTOKa  T0=300-760K.  B  KaiccTBe 
TonjiHBa  HcnoabayioTCM  Bo.iopo.i  n  araneH,  ncnocpc.icTBenno  HHuceKTiipyeMbie  co  ctchkh  b 
noTOK  M=2  npn  ER<0.1.  I  IpuBcnenbi  pe3yjibTaTbi  HiMcpenna  TeMnepaTypbi  ra3a  n 
KOHneHTpannn  bo/uhibix  napoB  b  30He  peaKnnn,  nonyneHHbie  mcto.iom  jJJIAC.  IloKa3aHO,  hto 
ncnonb30BaHne  aacKipHaccKoro  paipma  no3BOJiaeT  aocTnnb  noimoTbi  cropamia  TonnnBa 
r|>0.9. 

34.  A.  P.  Napartovich,  I.  V.  Kochetov,  S.  B.  Leonov  Modeling  of  premixed  ethylene-air  flow 
ignition  by  non-uniform  non-thermal  plasma,  The  8th  International  Workshop  on 
Magneto-Plasma  Aerodynamics,  Moscow,  Russia,  March  3 1  —  April  2,  2009  -  TBT,  N°7, 
2009 

Pa3BHTa  TcopcTHHCCKaM  m o,3cn B  BocnnaMeHeHHS  npc,iBapHTC-ibno  nepeMeuiaHHon  CMecn 
ii03,iyxa  c  3THneHOM,  HHnunnpoBaHHoro  CTpnMepHbiM  paipmoM  b  CBepx3ByKOBOM  noTOKe. 
Ana,iH3HpycTCM  cncTeMa,  BKjnonaiomaa  b  cc6m  MHKpo-CTpnMepHbin  paipm  c  nocnc/iyioiiiHM 
CMeuieHneM  BOioy/K.icnnBix  n  neB036y/K/icnnBix  odnacTen.  Mhcjichho  n p o ,i c m o n crp h p o b a n o , 
uto  ncnoJib30BaHne  nco.inopo.ruioro  paipma  c  noc.ic.iyioiiiHM  CMeuieHneM  ii036y/K,icnnoH  n 
HC B030V >K,1C I II IO H  o6naCTeH  nOTOKa  CMecn  3THJieHa  C  BOHiyXOM  M0>KCT  pe3KO  yMeHbUIHTb 
BK,ia,ibiBacMyio  b  paapnac  sncpruio  b  pacacTC  Ha  nonHbiH  noTOK,  MHHHManbHO  hcooxo.ihmvio 
Ana  HHHUHHpoBaHHa  ropenna. 

35.  Sergey  B.  Leonov,  Yury  I.  Isaenkov,  Alexander  Firsov,  -Mixing  Intensification  in  High- 
Speed  Flow  by  Unstable  Pulse  Discharge,  40th  AIAA  PDL  Conference,  San-Antonio,  June 
22-25,  2009,  Paper  AIAA-2009-4074 

The  paper  describes  results  of  experimental  efforts  on  the  filamentary  transversal  pulse 
discharge  dynamics  in  high-speed  airflow.  The  effect  of  fast  turbulent  expansion  of  the  post¬ 
discharge  channel  is  studied  experimentally  in  order  to  enhance  mixing  processes  of  fuel  and 
oxidizer  and  reduce  the  time  of  ignition.  It  is  shown  experimentally  that  the  pulse-repetitive 
discharge  disturbs  the  flown  gas  significantly  if  the  time  period  between  individual  pulses  is 
about  d/V,  where  d  =  inter-electrode  gap,  V=  flow  velocity. 

36.  Sergey  Leonov,  Dmitry  Yarantsev,  Vladimir  Sabelnikov,  Electrically  Driven  Combustion 
near  Plane  Wall  in  M>1  Duct,  3rd  EUCASS  Proceedings,  July  2009,  Versailles,  France 

An  ultimate  objective  of  this  work  is  to  enhance  the  perfomiance  of  air-breathing  engines  in 
transient  modes.  The  paper  presents  the  result  of  laboratory-scale  experiments  on  ignition  of 
non-premixed  tuel-air  composition  in  high-speed  flow  by  near-surface  electrical  discharge.  The 
experiments  were  fulfilled  under  conditions  of  model  supersonic  combustor  on  the  plane  wall 
without  any  mechanical  flameholder.  The  ignition  and  flameholding  of  hydrogen-air  and 
ethylene -air  compositions  were  demonstrated  for  direct  fuel  injection  into  the  flow  at  low 
(To=300-750K)  gas  temperature.  The  power  deposited  was  Wpi/Htot<2-5%  of  flow  total 
enthalpy.  The  power  threshold  of  fuels  ignition  over  the  plane  wall  was  measured  by  variation 
of  power  deposition  and  the  fuel  mass  flow  rate.  The  combustion  completeness  was  estimated 
to  be  reasonably  high,  p>0.9,  with  both  hydrogen  and  ethylene  fuels  under  optimal  conditions. 

37.  MM.  Bolshov,  Y.A.  Kuritsyn,  V.V.  Liger,  V.R.  Mironenko,  S.B.  Leonov,  D.A.  Yarantsev, 
-Measurements  of  the  temperature  and  water  vapor  concentration  in  a  hot  zone  by  tunable 
diode  laser  absorption  spectrometry”,  Appl.  Phys.  B ,  vol.  100,  2010,  p.  397. 

A  tunable  diode  laser  absoiption  spectroscopy  (TDLAS)  technique  and  appropriate 
instrumentation  was  developed  for  the  measurement  of  temperature  and  water  vapor 
concentrations  in  heated  gases.  The  technique  is  based  on  the  detection  of  the  spectra  of  H20 
absoiption  lines  with  different  energies  of  low  levels.  The  following  absoiption  lines  of  H20 
were  used:  7189.344  cm-1,  7189.541  cm-1,  7189.715  cm-1.  Spectra  were  recorded  using  fast 
frequency  scanning  of  a  single  distributed  feedback  (DFB)  laser.  A  unique  differential  scheme 
for  the  recording  of  the  absoiption  spectra  was  developed.  An  optimal  technique  for  fitting  the 
experimental  spectra  was  developed.  The  validated  TDLAS  technique  was  applied  for  detection 
of  temperature  and  H20  concentration  in  the  post -combustion  zone  of  a  supersonic  (M  =  2)  air- 
fuel  flow.  Hydrogen  and  ethylene  were  used  as  the  fuel.  The  combustion  process  was  ignited 
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and  sustained  by  a  pulsed  electric  discharge.  Presentation  of  the  transient  absorption  spectra  as 
2D  images  was  used  as  the  first  step  of  data  processing.  The  estimated  precision  of  the 
temperature  measurement  was  ±40  K.  The  high  signal-to-noise  ratio  enabled  the  reconstruction 
of  the  temporal  behavior  of  temperature  with  a  resolution  of  ~lms. 
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Attachment  2:  List  of  presentations  at  conferences  and  meetings  with  abstracts 

1.  I.V.  Kochetov,  S.B.  Leonov,  A.P.  Napartovich,  E.A.  Filimonova,  D.A.  Yarantsev  “Plasma- 
chemical  refonning  of  the  hydrocarbon  fuel  in  the  air  flow”,  International  Workshop  on 
“Thermochemical  and  plasma  processes  in  aerodynamics"  Saint-Petersburg,  19-21  June, 
2006. 

The  paper  and  presentation  are  dedicated  to  theoretical  and  experimental  investigation  of  the 
process  of  hydrocarbon  fuel  plasma-chemical  refonning  in  the  airflow  for  the  purpose  of 
reduction  of  the  combustion  induction  time. 

2.  Sergey  B.  Leonov,  Igor  B.  Matveev  “First  Test  Results  of  the  Transient  Arc  Plasma  Igniter 
in  a  Supersonic  Flow”,  Paper,  Proceedings  of  IWEPAC-3,  September  17-20,  2007,  Falls 
Church,  VA,  U.S.A 

This  paper  and  presentation  considers  the  idea  and  the  first  test  results  of  the  combined  cycle 
plasma  torch  (CCPT)  application  for  flame  holding  in  high-speed  combustors.  The  CCPT  was 
developed  by  Applied  Plasma  Technologies  (APT)  and  is  based  on  a  low-power  transient 
discharge  plasma  pilot  with  fuel  or  air-fuel  mixture  feeding  into  the  arc  chamber,  so  that  the 
main  thermal  effect  is  provided  by  chemical  reactions  in  a  plasma-activated  medium. 

3.  Sergey  B.  Leonov,  Dmitry  A.  Yarantsev,  “Flameholding  due  to  electrical  discharge 
generation  on  plane  wall  of  supersonic  duct.”,  Proceedings  of  ICPCD  2008,  Moscow, 
Russia,  10-12  November  2008 

The  presentation  dedicates  the  last  achievements  in  a  field  of  active  flameholding  in  high-speed 
flow  under  non-optimal  conditions  by  means  of  near-surface  electrical  discharge.  B  aoicnaae 
npeacaaBuenbi  nocacanuc  nocTH/Kenua  b  oSnacTH  CTa6HJiH3auHH  (|)ponTa  b  bicok o c k o p o c t nor o 
ropenua  b  HeonTHManbHbix  ycnoBiiax  npn  noMomn  npnnoBepxHOCTHoro  lacKipuHCCKoro 
pa3paaa. 

4.  S.  Leonov,  Yu.  Isaenkov,  D.  Yarantsev  -Pulse  Discharge  in  Mixing  Layer  of  Reacting 
Gases”,  Book  of  Abstracts,  61th  Annual  Gaseous  Electronics  Conference  14-17  October, 
2008,  Dallas-Addison  Marriott  Quorum,  Dallas,  TX,  USA 

A  subject  of  consideration  is  the  dynamic  of  filamentary  pulse  discharge  generated  along 
contact  zone  of  two  co-flown  gases.  Experimental  facility  consists  of  blow-down  wind  tunnel 
PWT-50,  system  of  the  high-voltage  pulse-repetitive  feeding,  and  diagnostic  equipment 
(schlieren  device;  pressure,  voltage,  current,  radiation  sensors;  spectroscopic  system;  etc.) 
Typical  parameters:  p=0.2-lBar,  velocity  M=0-2,  pulse  duration  x=0.1-lps,  power  release 
W=20-100MW.  Recently  the  effect  of  enormously  fast  turbulent  expansion  of  the  post¬ 
discharge  channel  was  observed  experimentally  [S.  Leonov,  oth.,  A1AA  Paper  2005-0159  and 

S.  Leonov,  oth.  — Phyics  of  Plasmas”,  v.15,  2007].  In  this  paper  a  result  of  parametrical  study 
of  the  mixing  efficiency  due  to  instability  development  are  discussed.  The  next  announced  item 
is  that  the  discharge  position  and  dynamics  depend  on  the  test  parameters  and  physical 
properties  of  gases  involved.  The  result  of  interaction  can  be  controlled  by  the  discharged 
duration  and  current  as  well  as  by  small  additives  to  the  gas.  The  effects  found  can  be  applied 
for  high-speed  combustion  enhancement  due  to  mixing  acceleration  in  multi-components  flow. 

5.  M.  A.  ffeMUHCKuu,  77.  B.  Konemoe,  C.  E.  Jleonoe,  A.  77.  Hanapmoeim,  E.  B.  IJomanKUH, 
Yucjibiibic  oiicpriiH  njia3MeHHoro  HiiHUMupoBaiiHa  ana  ooecncHCima  ropenua  b 
CBepx3ByKOBOM  noTOKe  T0iuiHBH0-B03flyniH0H  CMecu,  Tpy^bi  6ro  MeacayHapoflHoro 
ciiMiio3iiyMa  -TepMOXHMHuecKHe  h  njia3MeHHbie  upoueccbi  b  aopoumiaMHK'c”,  Gamer - 
IlcTcpSypi  ,  12-14  Man,  2008,  XonumnoBaa  KOMiiaima  -fleimncu” 

Onpcacacnbi  yacaiuibic  3Hepruu,  neo6xoauMbic  ana  nna3MeHHoro  HuunHupoBanua  ropeHiia 
rrpc/iBapHTcubno  nepeMeinamioH  Boaoponno-Boiaynnibix  u  iTHucn-Boiayunibix  cMeceu  b 
CBepx3ByKOBOM  noToxe  b  ycnoBiiax  Tunuunbix  ana  I  I  IBPfl.  M c cacao b an o  BJiiiaHue  Biiaa 
paipaaa  Ha  3(|)(|)CKTHBH0CTb  nna3MeHHoro  HHHUHHpoBaHHa.  IIoKa3aHO,  mto  ochobhbimh 
MexaHH3MaMH  njia3MeHHoro  HHHUHHpoBaHHa  b  paccMaipHBaeMbix  ycaoBuax  aBJiaioTca 
auccouHauH a  MoneKyn  KHcaopoaa  npu  c t o a k u o b c n u a x  c  an e Kip o u u o - b oi 6 y >Ka c u u b i m h 
MoneKynaMH  a30Ta  h  aHcconuanHa  sacKipouaMH  naaiMbi.  MccacaoBauo  Bauanue  MoacKya 
Kucaopoaa  b  uh'/Khcm  cHHrneTHOM  ia e k t p o n n o - b o 3 6y aca c h h o m  cocToaHHH  (CK)  Ha  nopor 
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nna3MeHHoro  HiiHUHnpoBaiuni  b  BOiiopo/iiio-Boi/iynniBix  cmcchx.  M3-3a  6ojibhihx  cchciihh 
B036y>KneHHa  pa3nnnHbix  BHyTpeHHnx  cTeneHen  cbo6o,tbi  MoneKyn  a30Ta  Ha  Boioy/Kneiimi  CK 
n^eT  nc3H  an  ht  cm  bi  i  an  flona  moiiihocth  paipana,  n  ero  BJinaHne  Ha  nna3MeHHoe 
HHHHHHpOBaHHe  1 1  Cilia1!  HT  03  BH  0 . 

6.  C.E.  JleoHOB,  C  i  a6HJiH3anna  (j)poHTa  nnaMeHn  ojieKTpnnecKHM  paapanoxi  3a  ycTynoM  n  Ha 
njiocKoir  CTeHKe  CBepx3ByKOBoro  KaHana.  Tpy^bi  3h  IIlKOJibi-ceMHHapa  no  MaraHTO- 
njia3MeHHoii  AoponHiiaMHK'c,  MocKBa,  OHBT  PAH,  anpejib  2008. 

I  lo.ipoono  npencTaBJieHbi  3KcnepHMeHTanbHBie  peiyabTaibi  no  3aacnraHmo  TonanBa  b 
CBepx3ByKOBOM  noToxe  n  CTa6HHH3anHH  (})poHTa  nnaMeHn  npn  T0=300-760K.  B  KanccTBe 
TonanBa  HcnoabayioTca  Bo.aopo.a  n  sTHJieH,  iicnocpencTBcinio  HHaceKTiipyeMbie  co  ctciikh  b 
noTOK  M=2  npn  ER<0.1.  B  paooTe  ncnoab30Baiica  npnnoBepxHOCTHbin  paapn/i  Ha  htockoh 
CTeHKe  MC/K/iy  ancKipo/iaMH,  ycTanoBacnnbiMH  «3ano;uiHuo».  BejiHUHHa  BjioaceHHOH  b  paspaa 
aaeKTpHnecKOH  moiiihocth  cocTaBJiana  Wpi/Htot<2%  ot  nojiHOH  anTaabnHH  noTOKa,  Toraa  KaK 
TennoBaa  moiuhoctb  BcncacTBHC  ropeHHa  npcBbiinaaa  Wcom/HioAl  00%  npn  hh3koh 
HanaaBHOH  TeMnepaType  ra3a.  C'Ta6HaH3anHa  (|>poi na  ropeHHa  noayHcna  npn  noanoTC 
cropaHHa  xonaHBa  p>0.9.  I  IpuBcaciibi  aainibic  no  noao/KCUHio  (})poHTa  h  pocTy  aaBacnna  h 
3aBHCHMOCTH  ot  HanajiBHOH  TeMnepaTypbi.  CneHHanbHO  OTMcaaeTca,  hto  paipaa  HeceT  KaK 
(jjyHKHHK)  HHHHHaTopa  naaMCHH,  TaK  h  peryaaTopa  CTpyKTypbi  noTOKa.  BbiKaioaenHC  paspaaa 
npHBOHHT  k  n c Mcaa c i n 1 0 My  cpbiBy  ropeHHa.  I  IpuBcaciibi  aamibic  no  nopory  ropeHHa  b 
3aBHCHMOCTH  ot  moiiihocth  pa  jpaaa  h  pacxoaa  TonanBa. 

7.  Sergey  Leonov  -Ignition  and  Flameholding  in  M>1  Airflow  by  Electrical  Discharge: 
10years‘  Experience”,  Invited  Lecture,  47th  AIAA  Aerospace  Sciences  Meeting  and 
Exhibit  (Orlando,  FL,  USA,  5-8  January  2009),  AIAA-2009-0000. 

A  main  objective  of  this  work  as  a  whole  is  to  enhance  the  performance  of  air-breathing 
engines  in  transient  modes.  The  concept  of  Plasma-Induced  Ignition  and  Plasma-Assisted 
Combustion  is  considered  on  the  basis  of  three  main  ideas:  the  medium  heating/excitation  by 
discharge,  fuel-air  mixing  intensification,  and  flow  structure  control  in  the  vicinity  of  reaction 
zone.  A  short  review  of  recent  works  is  done  based  on  available  publications.  The  paper 
presents  also  the  result  of  lab-scale  experiments  on  ignition  of  non-premixed  fuel-air 
composition  in  high-speed  flow  by  electrical  discharge  made  during  the  last  10  years.  The 
experiments  were  fulfilled  under  conditions  of  model  supersonic  combustor  in  standard 
aerodynamic  configurations  with  backwise  wallstep,  in  cavity,  and  on  the  plane  wall.  The 
electrical  discharge  was  organized  in  specific  electrodes  arrangement  where  the  plasma 
filaments  crossed  an  area  of  gas  circulation.  The  ignition  and  flameholding  of  hydrogen-air, 
ethylene-air,  and  kerosene-air  compositions  were  demonstrated  for  direct  fuel  injection  into  the 
fixed  separation  zone  at  low  gas  temperature.  An  energetic  threshold  of  fuel  ignition  under 
separation  and  in  a  shear  layer  of  supersonic  flow  has  been  measured.  Some  ideas  for  the 
mixing  intensification  are  discussed  as  well.  They  are  proved  by  model  experimental 
demonstrations. 

8.  Leonov  S.  B.,  -Ignition  and  Flameholding  of  Gaseous  Fuels  by  Electrical  Discharge  in 
M>1  Airflow”,  Invited  lecture,  2nd  EUCASS  ATW,  Les  Houches,  France,  October  11-16, 
2009 

The  presentation  dedicates  the  last  achievements  in  a  field  of  active  flameholding  in  high-speed 
flow  under  non-optimal  conditions  by  means  of  near-surface  electrical  discharge. 

9.  Sergey  B.  Leonov  -Visualization  of  unsteady  electrical  discharges  in  high-speed  flow”, 
Keynote  Lecture,  Proceedings  of  10th  ASV  International  Conference,  Publication  by  SRM 
University,  Nagar,  Tamil  Nadu,  India,  2010,  pp.  1-11 

Specific  experimental  technique  in  Plasma-Assisted  Aerodynamics  is  discussed  in  the 
presentation.  The  results  of  several  experiments  are  presented  to  demonstrate  abilities  of  non¬ 
standard  methods  of  visualization  as  well.  Among  of  them  the  high-power  pulse  discharge 
instability;  the  unsteady  near-surface  discharge  in  supersonic  flow;  the  DBD  over  a  contoured 
airfoil;  and  others. 

10.  Sergey  B.  Leonov  -Plasma-Based  Supersonic  Flameholding  at  low  ER”,  3th  International 
scientific  and  Technical  Conference  -Aeroengines  of  XXI  century”,  30Nov-3Dec  2010. 
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The  presentation  dedicates  the  last  achievements  in  a  field  of  active  flameholding  in  high-speed 
flow  under  non-optimal  conditions  by  means  of  near-surface  electrical  discharge. 

Attachment  3:  Information  on  patents  and  copy  rights 

No 


